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Phosphate is an essential nutrient for all organisms. Therefore, transporters and 
regulatory systems in bacterial pathogens enabling phosphate acquisition within the host 
are important for virulence. However, the contribution of phosphate homeostasis to 
infection by the ubiquitous pathogen Staphylococcus aureus has not been evaluated. 
Bioinformatic analysis revealed that S. aureus encodes three inorganic phosphate (Pi) 
transporters: PstSCAB, PitA, and NptA. Each transporter imports Pi optimally in distinct 
environments. Interestingly, although loss of PstSCAB results in decreased virulence of 
several well-studied pathogens, a ΔpstSCAB mutant of S. aureus was not attenuated. 
However, these studies establish an important role for NptA in the pathogenesis of S. 
aureus. Although NptA has been sparsely characterized in bacteria, NptA homologs are 
widespread, suggesting that this type of Pi transporter may broadly contribute to 
pathogenesis. To regulate phosphate acquisition and homeostasis, bacteria contain a 
conserved, Pi-responsive two-component system named PhoPR in Gram-positives. In the 
model organism Escherichia coli and many others, the PhoPR homologs interact with 
PstSCAB and an accessory protein named PhoU to sense Pi, and mutation of PstSCAB or 
PhoU results in constitutive PhoPR activation. In contrast, deleting pstSCAB or phoU 
does not lead to dysregulated PhoPR activation in S. aureus, indicating that Pi sensing in 
this organism is fundamentally different from the current paradigm established in E. coli. 
In S. aureus, PhoPR is required for staphylococcal growth during Pi starvation and for 
virulence. Interestingly, the subset of PhoPR-regulated genes that promotes infection 
varies depending on other environmental factors. This is exemplified by the observation 
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that in the liver, PhoPR is necessary for expression of Pi transporters PstSCAB and NptA, 
while PhoPR-regulated factors other than Pi transporters are required for infection of the 
heart. Cumulatively, the findings herein establish an essential role for Pi acquisition and 
homeostasis in staphylococcal pathogenesis and suggest that these processes are 
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1.1 STAPHYLOCOCCUS AUREUS 
Epidemiology 
Staphylococcus aureus, first described in the 1880s, is a Gram-positive, coccoid 
bacterium that forms grape-like clusters resulting from perpendicular rotation of the cell 
division plane (103, 144). S. aureus is exquisitely evolved to life on and in mammals, 
colonizing the anterior nares of approximately one third of the human population at any 
given time (50). Carriage of S. aureus is asymptomatic but is a major predictor for the 
development of disease (73, 74).  
Once it breaches the epithelial barrier, typically through cuts, abrasions, burns, 
use of devices like catheters, or surgery, S. aureus can infect every tissue in the host. 
Accordingly, S. aureus causes a wide range of diseases, from mild, self-limiting skin 
infections like boils to much more serious conditions like osteomyelitis, pneumonia, and 
more (85). S. aureus is a leading cause of infective endocarditis, bacteremia, and skin and 
soft tissue infections, among others (42, 85, 138, 143). Infections caused by S. aureus 
result in approximately 700,000 hospitalizations and $14 billion in associated costs per 
year in the US (138). Additionally, S. aureus is consistently among the most common 
nosocomial pathogens and is thus a significant cause of morbidity and mortality in 




Staphylococcal infections: a (re-)emerging threat to human health 
Upon its introduction into the clinic in the 1940s, penicillin was hailed as a 
miracle drug in the battle against infectious disease, including that caused by S. aureus 
(38). Comparison of deaths caused by infectious disease between the first and second 
World Wars demonstrates that usage of antibiotics decreased the wartime burden of 
infection, for which some was undoubtedly caused by S. aureus (35). When antibiotic 
resistance to penicillin inevitably appeared in clinical isolates of S. aureus (notably, 
within the same decade it was introduced), the derivative methicillin was developed (22). 
Of course, the evolution of methicillin-resistant S. aureus (MRSA) followed shortly 
thereafter (4). MRSA became widespread in the US in the 1990s (22) and is now more 
common among healthcare-associated isolates than methicillin-sensitive S. aureus in the 
US (92). In the US alone, MRSA causes more than 11,000 deaths per year (20). 
Infections caused by MRSA are also more costly compared to ones caused by 
methicillin-sensitive S. aureus (26). Additionally, community-associated MRSA strains 
are particularly concerning due to their ability to cause disease in otherwise healthy 
individuals and are now considered epidemic in the US (72, 96). 
After methicillin resistance emerged, vancomycin became the only consistently 
effective antibiotic against S. aureus (134). However, isolates of S. aureus exhibiting 
reduced susceptibility to vancomycin treatment (vancomycin-intermediate S. aureus, or 
VISA) were first identified in the 1990s (90, 134). While additional drugs to treat S. 
aureus infections have been introduced, as fast as mankind can identify and harness the 
power of an antibiotic, evolution has and will answer. With specific regard for the high 
burden of staphylococcal disease, agencies like the Centers for Disease Control and 
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Prevention and the World Health Organization have named S. aureus a serious threat to 
human health and have called for novel therapeutic strategies to battle S. aureus (20, 
158). During infection, S. aureus survives within the host and evades the actions of the 
immune system. Elucidating how S. aureus accomplishes these critical tasks and the 
underlying physiology has the potential to shed light on new avenues for antimicrobial 
intervention. 
 
S. aureus: a remarkably versatile pathogen 
S. aureus is the most virulent of the staphylococcal species. More pathogenically 
adaptable than other closely related staphylococci like Staphylococcus epidermidis or 
lugdunensis, S. aureus employs a vast array of virulence strategies enabling it to establish 
disease in any tissue and avoid eradication (32, 127, 150). The S. aureus genome is 
speckled with mobile elements such as transposons and pathogenicity islands that encode 
virulence factors, immune evasion factors, antibiotic resistance genes, and more (110). A 
well-known example of such an element is the staphylococcal chromosomal cassette mec 
(SCCmec), which confers resistance to β-lactam antibiotics and is the defining genomic 
feature of many MRSA isolates (84). While considerable variability exists among S. 
aureus strains (110), a conserved theme is that their genomes contain a multiplicity of the 
canonical virulence factors, such as adhesins, toxins, immune evasion mechanisms, and 
nutrient transporters.  
A clinically distinguishing feature of S. aureus setting it apart from other 
staphylococci is its ability to coagulate blood (85). Two secreted staphylococcal proteins 
stimulate the conversion of fibrinogen to fibrin, thus promoting the coagulation cascade 
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and resulting in the coating of staphylococcal cells with a matrix of host-derived fibrin. 
This coating is thought to promote the formation of abscesses (25). Also in the presence 
of fibrinogen, S. aureus can form clumps, an essential process during infection that may 
promote evasion of phagocytosis (29). Two proteins that mediate clumping, ClfA and 
ClfB, are members of a large class of cell wall-anchored surface proteins named 
microbial surface component recognizing adhesive matrix molecules (MSCRAMMs) 
(40). S. aureus expresses around 20 surface proteins including the MSCRAMMs, many 
of which have multiple functions that include adhesion, immune evasion, and 
antimicrobial peptide resistance, among others (40).  
Toxins are major mediators of S. aureus disease. S. aureus expresses a variety of 
toxic effectors, including hemolysins and leukotoxins, enterotoxins, superantigens, and a 
class of small, pore-forming peptides known as phenol-soluble modulins (PSMs) that 
have non-specific cytolytic activity (105). The well-conserved α-toxin binds a disintegrin 
and metalloprotease 10 (ADAM10) on host cell surfaces, intoxicating a wide range of 
cell types, including leukocytes, platelets, epithelial cells, and endothelial cells (7). S. 
aureus also expresses six pore-forming bi-component leukocidins that mostly target G-
protein-coupled receptors on erythrocytes, monocytes, neutrophils, dendritic cells, and T 
cells (131). Damage caused by these toxins ranges from cell signaling disruption to lysis, 
which promote staphylococcal disease through immune modulation, decreased barrier 
function, and release of nutrients, among other mechanisms (105, 131). The importance 
of S. aureus toxins to disease is borne out by more than one hundred years of 
epidemiological, genomic, and mechanistic studies (7, 82, 104). 
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S. aureus is notorious for its ability to evade both innate and adaptive immunity  
(14, 109, 140). Innate immune mechanisms that are important for controlling microbial 
invaders include phagocytosis, production of reactive oxygen and nitrogen species (ROS 
and RNS, respectively), and sequestration of essential metals (such as iron, zinc, and 
manganese) to limit pathogen growth, a process known as nutritional immunity (19, 69, 
71). S. aureus has evolved mechanisms to effectively evade each of these host defenses. 
To avoid phagocytosis, S. aureus can inhibit both recruitment of phagocytes (34) and the 
complement cascade (124), a critical immune pathway that targets pathogens for 
destruction and coordinates part of the initial inflammatory response at sites of invasion. 
S. aureus possesses two superoxide dismutases (SODs) that enable the bacterium to resist 
superoxide, a ROS produced by immune cells. One of these SODs is cambialistic for 
manganese and iron, a feature that promotes retention of SOD activity when the host 
imposes manganese starvation to effect nutritional immunity (43, 68). In response to 
nitric oxide stress, which inhibits respiration, S. aureus induces expression of a lactate 
dehydrogenase that allows the fermenting cell to maintain redox homeostasis when 
respiration is blocked (122). Neutrophils, the primary phagocytic cell type to defend 
against S. aureus infection, undergo a specialized form of cell death to form neutrophil 
extracellular traps (NETs). NETs act as snares for pathogens and increase the local 
concentration of potent antimicrobial peptides, including the manganese- and zinc-
sequestering protein calprotectin (12, 145). S. aureus secretes a nuclease to degrade DNA 
in and prevent killing by NETs (6).  
As is evident by the fact that S. aureus infection usually does not elicit protective 
immunity (123) and by our limited success in developing vaccines against S. aureus (95), 
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this pathogen is also particularly adept at evading adaptive immune responses. S. aureus 
anchors to its surface and also releases Protein A, which binds to the Fc portion of 
immunoglobulins and prevents antibody-mediated opsonization, therefore decreasing 
efficiency of phagocytosis (39, 102, 133). Protein A is indeed so effective that it has been 
widely used as an antibody purification tool (49). S. aureus also produces toxic shock 
syndrome toxin-1 (TSST-1), a superantigen that non-specifically crosslinks the T cell 
receptor with MHC-II molecules, causing massive activation of non-cognate T cells. 
Such inappropriate immune system activation actually prevents an adaptive immune 
response to the staphylococcal infection (76). Recently, a subset of MRSA clones were 
shown to possess alternative, prophage-encoded glycosyltransferases that produce 
modified cell wall antigen that elicits a less effective antibody response than the 
predominant glycoantigen of S. aureus (46). 
Another aspect of S. aureus physiology promoting its increased virulence is its 
ability to acquire nutrients from a wide range of sources through an assortment of 
degradative enzymes and transporters. An interesting example is the cell wall hydrolase 
GlpQ that hydrolyzes wall teichoic acids (WTAs) to liberate glycerol-3-phosphate, which 
can be used as a carbon and phosphate source (62). Intriguingly, this enzyme is active 
against WTAs of Staphylococcus lugdunensis, epidermidis, and capitis but not aureus, 
suggesting GlpQ enables S. aureus to use its competitors’ cell wall as a nutrient source 
(63). Compared to the other staphylococci, S. aureus encodes more carbohydrate 
transporters, which promotes maintenance of glycolysis during infection (150). 
Additionally, S. aureus possesses at least two transporters for each of the essential metals 
iron (88), zinc (52), and manganese (70, 116). While their functions overlap, the 
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transporters are non-redundant and differentially contribute to pathogenesis, also 
promoting resistance to nutritional immunity. Possessing an expanded repertoire of 
transporters likely promotes survival of S. aureus in diverse environments within the 
host. 
To carefully control deployment of its vast collection of virulence factors, S. 
aureus uses a suite of ~20 two-component systems (TCSs) that sense environmental cues 
such as oxygen and nutrient levels (53). Prominent among them is the accessory gene 
regulator (Agr) system, which is controlled through quorum sensing (79). When active at 
high cell density, the Agr system induces its own expression and that of the divergently 
encoded RNAIII (79). This pleiotropic sRNA regulator, somewhat unique in that it is also 
an mRNA encoding a hemolysin (149), represses translation of surface proteins, such as 
Protein A, and the global regulator Rot (9). Loss of Rot activity increases production of 
α-toxin, PSMs, secreted effector enzymes, and microcapsule (53), which promotes 
evasion of opsonophagocytosis (100). Agr can also directly induce expression of PSMs. 
Aside from Agr, SaeRS and ArlRS are additional examples of TCSs critical for S. aureus 
pathogenesis due to their roles in modulating virulence factor expression, biofilm 
formation, central metabolic processes, and more (41, 48, 53, 101, 115, 153). Still other 
TCSs modulate responses to stressors caused by the host or antibiotics (66). For example, 
VraRS and GraXRS coordinate responses to cationic antimicrobial peptides and affect 
the sensitivity of S. aureus to vancomycin (53). Due to the importance of TCSs to the 
virulence of S. aureus, such systems represent attractive targets for antibiotics. Despite 




Phosphate – the dominant biologically relevant form of the element phosphorus – 
is an essential nutrient for all living organisms. The model organism Escherichia coli 
contains about 15 mg phosphorus per g of dry mass (31). Phosphate is used in a variety of 
cellular processes, including signal transduction, energy storage, and central metabolism. 
It is incorporated into virtually every type of macromolecule in the cell, including nucleic 
acids, cell wall, sugars, proteins, and lipids. Aside from being present as part of organic 
molecules, there is a labile pool of inorganic phosphate (Pi) in every cell, which in E. coli 
is maintained on the order of 10 mM (118, 155). Additionally, phosphate monomers can 
be covalently linked to form polyphosphate, chains of a few to a few hundred units long. 
Polyphosphate has a variety of roles in the cell, from phosphate storage to metal chelation 
(75).  
Because phosphate is essential and an inorganic nutrient, bacteria must obtain it 
from the environment. The preferred source of phosphate for bacteria is Pi, for which 
three types of dedicated transporters have been identified in bacteria (80, 119, 162). Some 
organisms can also uptake select organophosphates, namely glycerol-3-phosphate or 
hexose-6-phosphates, as phosphate sources (155). Many bacteria, including E. coli, also 
have the ability to import and degrade phosphonates (defined by a direct C-P bond) for 
use as phosphate sources (57, 94). A cursory genomic analysis suggests S. aureus does 
not contain a phosphonate catabolic pathway.  
Phosphate starvation regulons have been identified in every bacterial species in 
which we have looked, indicating bacteria encounter and respond to phosphate limitation 
in their natural habitats. Intriguingly, in addition to promoting phosphate scavenging 
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from the environment, phosphate-responsive regulators control other important aspects of 
a bacterium’s lifestyle. For example, antibiotic production in members of the 
actinomycetes is modulated by the phosphate starvation regulon (89). In pathogenic 
Enterobacteriaceae and several other pathogens, phosphate-responsive transcription 
factors control expression of virulence factors and other cellular processes that are critical 
to the outcome of infection (23, 77). Understanding phosphate regulation in bacteria 
therefore offers critical insights into the physiology of these organisms. Yet despite the 
importance of phosphate acquisition and homeostasis to bacterial pathogenesis, the 
majority of our knowledge about them comes from studies in E. coli and other closely 
related organisms. Little is known about the contribution of these processes to the 
virulence of S. aureus. 
 
Pi transporters 
Pathogens like S. aureus must acquire Pi from host tissues, which are diverse and 
often dynamic environments. Differing from other nutrients like glucose, the 
bioavailability of Pi is influenced by pH and other environmental factors. As such, 
bacteria possess different types of Pi transporters that allow them to import the nutrient in 
varying conditions (147, 157). Typically, bacteria encode at least one constitutively 
expressed Pi transporter plus an inducible, high-affinity Pi importer to allow for meeting 
the cellular demand when phosphate is the limiting nutrient. It is proposed that the benefit 
of having both low- and high-affinity transporters for a given nutrient, elegantly modeled 
by Levy et al. (81), is to lengthen the preparatory stage before and shorten the recovery 
period after starvation. 
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Three families of bacterial Pi transporters have been described: PitA (phosphate 
inorganic transport), PstSCAB (phosphate-specific transport), and NptA (Na-dependent 
phosphate transport) (80, 119, 162). The molecular properties and physiological 
contributions of PstSCAB and PitA have been well described, particularly in the model 
organisms E. coli and Bacillus subtilis (54, 125, 147, 155, 160). In contrast, NptA, which 
is homologous to eukaryotic sodium-phosphate transporters that have been studied for 
decades, has only been described in two bacterial species. These three classes of Pi 
transporters will be reviewed briefly below; more detailed molecular aspects of Pi 
acquisition systems can be found in the following extensive reviews: (147), (155), and 
(157). 
PitA is constitutively expressed regardless of Pi availability (125). In E. coli, PitA 
is considered a low-affinity, high-velocity uptake system, with a Km for Pi of ~38 µM and 
a Vmax of ~55 nmol Pi • mg-1 • min-1 (160). Biochemical studies in E. coli and 
Acinetobacter johnsonii have revealed that Pit family transporters require a divalent 
cation to translocate Pi across the membrane (148). Metals including Mg2+, Ca2+, Mn2+, 
and Zn2+ can bind Pi to form a neutral metal/Pi complex; an additional proton is then used 
to transport this complex through the PitA transporter via the proton motive force (148). 
E. coli also contains a second copy of pit named pitB, but this transporter does not appear 
to play a role in Pi uptake in standard laboratory conditions, as E. coli strains lacking pitA 
and pst cannot utilize Pi as a sole phosphate source (54, 136). In addition to its primary 
role as a Pi importer, PitA can also mediate Pi efflux and exchange (126, 148). While the 
physiological purpose of Pi efflux through PitA has not been extensively explored, this 
process can play a role in heavy metal detoxification, which has been demonstrated in E. 
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coli (51, 67). While few studies have found a role for the Pit system in bacterial 
pathogenesis, a putative pitA gene was identified in a transposon screen for factors 
important in an osteomyelitis model of S. aureus infection (159). 
In contrast to PitA, PstSCAB is highly induced upon phosphate limitation (125). 
An ABC family transporter, the Pst system is comprised of substrate-binding protein 
PstS, channel-forming integral membrane proteins PstA and PstC, and two PstB proteins 
that hydrolyze ATP to energize Pi import (119). PstSCAB is highly selective for Pi ions 
(160). The Km of PstSCAB for Pi is ~0.5 µM in both E. coli and B. subtilis, with a Vmax of 
~16 nmol Pi • mg-1 • min-1 and ~2.2 nmol Pi • mg-1 • min-1 in E. coli and B. subtilis, 
respectively (114, 160). In the Enterobacteriaceae and many other bacteria, the Pst 
system also has a negative regulatory role for the Pi starvation response (58, 141, 162). 
The importance of PstSCAB to bacterial pathogenesis has been established in a variety of 
organisms and will be discussed in detail in a subsequent section. Interestingly, a 
mutation in a putative pstS gene in S. aureus was identified in a genome-wide screen for 
factors that contribute to systemic infection, suggesting Pst may be important for 
staphylococcal pathogenesis (5). 
A third bacterial Pi transporter, NptA, has also been characterized, but only in 
Vibrio cholerae (80) and Streptococcus pneumoniae (162). The broader distribution of 
nptA among bacteria is thus far unknown. NptA is a member of the NaPi2 family of 
sodium-phosphate transporters, and eukaryotic homologs of NptA have been 
characterized in rats and zebrafish oocytes (157). Studies in these models have revealed 
NptA transporters require sodium ions to translocate Pi at a stoichiometry of 3 Na+ to 1 Pi 
(18, 55, 157). Perhaps the most probable reason for the under-appreciated role of NptA as 
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a bacterial phosphate acquisition system is the fact that its E. coli homolog, YjbB (97), 
doesn’t function as one: an E. coli mutant lacking PitA and PstSCAB cannot use Pi as a 
phosphate source (54, 136). In fact, it appears E. coli does not express yjbB under routine 
laboratory culture conditions (97). Further complicating the issue, ectopic overexpression 
of the gene in E. coli indicates that YjbB functions as a Pi efflux system rather than a Pi 
importer (97). Interestingly, the yjbB promoter was identified as a target of the major 
phosphate-responsive transcriptional regulator in E. coli; however, the impact of this 
regulation remains unclear because yjbB expression was not altered during Pi starvation 
(161). 
The first study to suggest a role for bacterial NptA homologs in phosphate 
acquisition showed that heterologous expression of the V. cholerae nptA in E. coli results 
in increased Pi import and that this import is augmented by increasing sodium levels and 
pH (80). However, the importance of NptA in Pi acquisition in its native Vibrio species 
was not established. More recently, Zheng et al. showed that NptA of S. pneumoniae can 
support growth of a strain lacking all other Pi transporters when grown with Pi as a sole 
phosphate source (162). Hence, this is the first study demonstrating a physiological role 
for NptA in bacterial phosphate acquisition. Notably, although V. cholerae and S. 
pneumoniae are important human pathogens, neither of these two studies examined the 
role of NptA in virulence. Therefore, the role of NptA in phosphate acquisition during 






Many bacteria contain a Pi-responsive TCS to regulate phosphate homeostasis. 
This system is named PhoPR in B. subtilis and other Gram-positive species, PhoBR in E. 
coli and Gram-negatives, and has various species-specific names, including PnpRS in S. 
pneumoniae and SenX3-RegX3 in Mycobacterium tuberculosis. In this TCS, PhoR is a 
membrane-associated sensor histidine kinase that senses Pi levels (58). When PhoR 
senses Pi limitation (discussed in the next section), it becomes autophosphorylated. 
Activated PhoR then phosphorylates the response regulator PhoP/PhoB on an aspartate 
residue (58). Phosphorylated PhoP/PhoB then modulates the transcription of a subset of 
genes known as the Pho regulon, which is responsible for the high-affinity assimilation of 
phosphate into the cell (58, 128, 155). 
The PhoPR/PhoBR regulon has been defined for model organisms E. coli and B. 
subtilis, as well as such diverse species as Caulobacter crescentus, Streptomyces 
coelicolor, Bacteroides fragilis, M. tuberculosis, S. pneumoniae, and S. epidermidis (1, 2, 
86, 106, 152, 154, 155, 161, 162). Canonically, the Pho regulon includes PstSCAB, at 
least one non-specific alkaline phosphatase to liberate Pi from various types of molecules, 
and transporters for alternative, organic sources of phosphate (58, 128, 155). 
PhoPR/PhoBR also increases its own expression to amplify the phosphate starvation 
signal (58, 161). In addition to genes involved in scavenging phosphate, PhoPR/PhoBR 
can directly or indirectly affect transcription of a variety of other genes, including those 
that modulate metabolism and virulence. For example, in E. coli, PhoB directly regulates 
43 targets, and its activity leads to the differential regulation of 287 genes during 
phosphate starvation (161). This observation can be explained in part by the fact that 
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PhoP/PhoB can regulate expression of other transcription factors (161), indicating 
phosphate starvation has a global effect on cell physiology that can be propagated from 
PhoPR/PhoBR through multiple layers of transcriptional regulation. 
The size and scope of the Pho regulon varies widely. In S. coelicolor, a soil 
bacterium, PhoP has been described as a master regulator, directly regulating hundreds of 
genes involved in a range of processes, from central carbon metabolism to morphological 
differentiation to secondary metabolite production (1). In S. pneumoniae, a species 
exclusively evolved to humans, the Pho regulon is significantly smaller (~25 genes) 
(162). This difference may be related to Pi availability in these species’ respective 
habitats. Because Pi is commonly a limiting nutrient in soil, bacteria that live there must 
continuously contend with its absence, and thus a broad response to Pi starvation is 
logical. Surprisingly, Pi availability in distinct tissue microenvironments in the 
mammalian host have not been rigorously evaluated. Furthermore, how Pi levels change 
in the context of infection remains largely unexplored. Regardless, the existence of Pho 
regulons in bacteria that obligatorily associate with mammals including S. pneumoniae 
strongly suggests that Pi is limiting at least in some host environments. 
A common theme observed in several species is that PhoPR/PhoBR regulates a 
shift in cell surface components (e.g. cell wall and lipids) from standard phosphate-
containing subunits to alternative phosphate-deplete ones. For example, in Pi-starved B. 
subtilis, PhoPR regulates a switch in cell wall composition by repressing genes involved 
in the synthesis of phosphate-rich teichoic acid and activating those involved in making 
the phosphate-free teichuronic acid (2, 11). Similarly, transcriptomic analysis in S. 
coelicolor suggests that PhoPR induces phosphate-free cell wall polymer synthesis 
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machinery during Pi starvation (1). In Sinorhizobium meliloti, PhoBR controls the 
transition of lipid synthesis from phosphate-replete lipids to phosphate-deplete ones (45). 
Presumably, such changes allow these organisms to redirect Pi to other critical cellular 
processes when this nutrient is limiting. Whether bacteria achieve Pi-sparing through 
other mechanisms is essentially unknown. 
PhoPR/PhoBR frequently feeds into other major regulatory circuits, including the 
general stress response (77) and nutritional homeostases (128). In E. coli, PhoBR activity 
affects the amount of the stringent response alarmone ppGpp as well as the stress-
related/Pi storage molecule polyphosphate (117, 135). In some organisms, PhoPR/PhoBR 
directly regulates the genes involved in polyphosphate metabolism (47, 65, 130); in 
others, including E. coli, regulation is indirect (98, 117). PhoPR/PhoBR has been 
connected to carbon metabolism in a variety of ways. For example, central catabolite 
protein A (CcpA) of B. subtilis represses transcription of phoPR in the presence of a 
preferred carbon source such as glucose (113). While the physiological consequences of 
this regulation are not fully understood, the authors propose that it may decrease 
stochastic activation of PhoPR that would otherwise cause growth defects in a carbon- 
and phosphate-rich environment (113). In E. coli, induction of the Pho regulon relieves 
the growth defect of a mutant sensitive to sugar-phosphate stress through an as yet 
unknown mechanism (121). Interestingly, also in E. coli, the Ugp system, which is the 
transporter responsible for the high-affinity uptake of glycerol-3-phosphate (one of the 
few organophosphates that can be transported across the membrane), is under the 
transcriptional control of two promoters: one is responsive to carbon starvation and the 
other to phosphate starvation by way of PhoBR (64). 
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PhoPR/PhoBR also plays a role in the response to pH stress in some organisms. In 
E. coli, expression of Asr, a periplasmic protein involved in survival during acid stress, is 
PhoBR-dependent, suggesting that PhoBR may be important for resisting acidic 
environments (139). Intriguingly, in B. subtilis, the pst operon is induced during alkaline 
stress in a PhoPR-dependent manner (3). However, other members of the B. subtilis Pho 
regulon are not induced under the same conditions (3), indicating that another regulatory 
mechanism is involved in this response. This observation highlights the possibility that 
distinct subsets of the Pho regulon may be important for different stressors. 
 
Sensing 
Mutations resulting in decreased phosphate acquisition or dysregulated over-
import of Pi lead to growth defects, indicating that phosphate homeostasis must be 
carefully controlled (13, 108, 120, 154, 162). Two mechanisms for phosphate sensing 
have been described in bacteria, both involving PhoPR/PhoBR. In B. subtilis, phosphate 
levels are sensed indirectly through wall teichoic acid synthesis (10). When phosphate 
levels in the cell are sufficient, PhoR autokinase activity is inhibited by a phosphate-
containing cell wall intermediate. Upon phosphate limitation, when levels of this 
intermediate decrease, PhoR autophosphorylation activity is uninhibited (10). 
Considering that cell wall remodeling from the phosphate-rich teichoic acid to the 
phosphate-free teichuronic acid represents an important phosphate-sparing initiative by B. 
subtilis (2, 11), sensing phosphate levels via cell wall anabolism represents a rather apt 
mechanism for this organism. 
 17 
In contrast, the Enterobacteriaceae, Pseudomonas aeruginosa, S. pneumoniae, M. 
tuberculosis, and others sense phosphate levels through a Pi-sensing complex in the 
cytoplasmic membrane. This Pi-sensing complex has been most extensively modeled in 
E. coli. The PstSCAB Pi transporter and PhoR interact at the membrane, together with 
another protein encoded at the pst locus, PhoU (44, 58). This PstSCAB/PhoR/PhoU 
complex is thought to sense Pi transport via the Pst system as a measure of Pi availability 
(151). When Pi levels are sufficient, the system adopts a repressive conformation that 
prevents PhoR autophosphorylation. When Pi becomes limiting, the complex forms an 
active state that promotes the autophosphorylation of PhoR, which can then 
phosphorylate PhoB, leading to induction of the Pho regulon. The default state of this 
complex is in its repressed form, and loss of PstSCAB or PhoU results in constitutive 
activation of PhoBR (58). Constitutive activation of the Pho regulon in E. coli leads to 
growth defects that can be relieved by deletion of pstSCAB, suggesting that over-import 
of Pi is detrimental to growth (137). 
Genetic analysis in several organisms has illuminated Pi sensing strategies that are 
PhoU-dependent but differ from the well-characterized E. coli model. S. pneumoniae and 
M. tuberculosis both contain two pstSCAB loci, each with a phoU gene. In S. 
pneumoniae, each PhoU protein negatively regulates the activity of the Pst system with 
which it is encoded (162). However, only the constitutively expressed Pst2/PhoU2 is 
involved in modulating PhoPR activity (162). Pst1/PhoU1, which is only expressed upon 
PhoPR activation, does not participate in Pi sensing (162). In M. tuberculosis, only one of 
the Pst systems is involved in Pi signaling through the mycobacterial PhoPR homologs 
(141, 142); however, either of the PhoU proteins can negatively regulate activation of the 
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system (99). Additionally, of significant interest is a recent study in S. epidermidis 
demonstrating that a PhoU homolog encoded at the pitA locus, but not a PhoU homolog 
encoded at the pst locus, has a negative regulatory role for the Pho regulon (154). 
Because S. epidermidis is closely related to S. aureus, this finding suggests that Pi sensing 
in S. aureus may differ from the established models in E. coli and B. subtilis. 
 
Role in bacterial pathogenesis 
Because pathogenic bacteria must obtain phosphate within the host, phosphate 
acquisition, regulation, and sensing mechanisms are important for virulence. The 
importance of Pi transporters to infection has been established, often through genetic 
screens, in pathogenic E. coli, Salmonella enterica serovar Typhimurium, Proteus 
mirabilis, Yersinia pestis, V. cholerae, M. tuberculosis, S. pneumoniae, and others (16, 
56, 77, 78, 93, 107, 146). More specifically, in the aforementioned organisms, mutations 
in the Pst system were determined to decrease virulence. In most, if not all, of these 
species, the Pst system is also involved in controlling PhoPR/PhoBR activation through a 
PstSCAB/PhoR/PhoU signaling complex similar to that of E. coli. Detailed genetic 
analysis of these pst mutants in at least two cases indicates that over-activation of the Pho 
regulon through abrogation of Pi sensing, but not loss of the ability of the Pst system to 
transport Pi, results in decreased virulence in these organisms (111, 141). This finding 
indicates that constitutive or untimely activation of the Pho regulon is detrimental to the 
ability to cause infection and therefore that PstSCAB is required in these organisms to 
mediate proper PhoPR/PhoBR activity in the host. Interestingly, in S. pneumoniae, Pi 
transport by one of its two PstSCAB transporters is required for biosynthesis of its 
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capsule, an important immune evasion factor (59, 162). This observation suggests that in 
some species, the Pst system may be required for virulence due to its role in Pi 
acquisition.  
PhoU is also important for pathogenesis. Loss of PhoU has been demonstrated to 
reduce virulence in E. coli, S. pneumoniae, and M. tuberculosis (15, 56, 132). In E. coli 
and M. tuberculosis, PhoU has been implicated in the formation of persister cells, which 
are characterized by recalcitrance to environmental stressors and antibiotics (83, 99, 132). 
These observations suggest that loss of PhoU may render these organisms more sensitive 
to stressful conditions in the host. Additionally, because in E. coli, S. pneumoniae, and M. 
tuberculosis PhoU has a negative regulatory role on PhoPR/PhoBR activity, the virulence 
defects of these mutants may be attributable in part to constitutive Pho regulon 
expression (58, 99, 162). 
While overexpression of the Pho regulon has negative effects on pathogenesis, so 
too does abrogation of its expression: PhoPR/PhoBR mutants of E. coli, V. cholerae, B. 
fragilis, M. tuberculosis, and others are attenuated for infection (23, 24, 27, 58, 106, 111, 
128, 152). Multiple lines of evidence demonstrate that in addition to activating expression 
of the Pst system, PhoPR/PhoBR induces genes for scavenging alternative phosphate 
sources that would be relevant in the context of the host. In S. Typhimurium, PhoB 
induces expression of NagA and NagB, which degrade N-acetylglucosamine-6-Pi into 
fructose-6-Pi and are proposed to supply an alternative Pi source to S. Typhimurium 
during Pi starvation (61). Such enzymatic activity may allow S. Typhimurium to recycle 
its own cell wall or that of other bacteria in the intestine. The Ugp transporter of E. coli, a 
high-affinity glycerol-3-phosphate importer, is a member of the Pho regulon (58, 161). 
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Glycerol-3-phosphate is a degradation product of both host and bacterial phospholipids. 
Of note, a recent study of host-derived phospholipids as a nutrient source for S. aureus 
found that the glycerol phosphodiesterase GlpQ, which liberates glycerol-3-phosphate 
from lipid headgroups, is upregulated during phosphate starvation and promotes the use 
of glycerol-3-phosphate as a phosphate source (62). Whether the regulation of GlpQ in S. 
aureus is dependent on a PhoPR-like system and whether S. aureus encodes a Ugp 
homolog to import glycerol-3-phosphate remains to be evaluated. 
The presence of overtly infection-associated genes within the Pho regulons of 
diverse bacteria demonstrates that pathogens have evolved to fold virulence factor 
regulation into the phosphate starvation response. In some pathogens, PhoPR/PhoBR 
modulates expression of macromolecular secretion systems. In Edwardsiella tarda, 
during Pi limitation PhoB activates expression of a type VI secretion system that is 
critical for virulence (21). PhoB directly induces the ESX-5 type VII secretion system of 
M. tuberculosis in response to Pi starvation (36). In contrast, PhoB in S. Typhimurium 
represses expression of a type III secretion system necessary for invasion of host cells 
(87). In other bacteria still, PhoPR/PhoBR influences toxin production. In V. cholerae, 
PhoB represses cholera toxin expression, which would prevent its production until the 
pathogen reaches the relatively (compared to its aquatic reservoir) Pi-rich intestine (111). 
In contrast, PhoB in P. aeruginosa directly activates expression of the toxin pyocyanin 
(60). Intriguingly, a transposon screen in S. aureus showed that loss of a putative phoP 
gene resulted in increased hemolysin activity, suggesting that toxin expression might be 
negatively regulated by the staphylococcal Pho regulon (17). 
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PhoPR/PhoBR also controls morphologies and processes that are critical to the 
outcome of infection, including cell envelope synthesis, motility, and biofilm formation. 
For example, in V. cholerae, PhoBR induces expression the acgAB operon, involved in 
cyclic-di-GMP metabolism, during later stages of infection (112). In vitro, PhoB-
mediated acgAB expression results in increased motility. Also in V. cholerae, PhoB 
negatively regulates biofilm formation (112). These two observations together led the 
authors of the study to propose that PhoBR is activated late during intestinal infection to 
promote dissemination (112). PhoPR/PhoBR is also involved in modulating cell envelope 
composition in the context of pathogenesis. Capsule composition is altered in B. fragilis 
in a PhoB-dependent manner, although the precise nature of the change and whether the 
change is dependent on phosphate availability is unclear (152). In E. coli, constitutive 
PhoBR activation changes lipid A and fatty acid composition and may disrupt capsule 
synthesis (28, 30). These morphological changes decrease virulence, likely due in part to 
increased sensitivity to cell surface-targeting host defenses like complement and cationic 
antimicrobial peptides (28, 30).  
In a broader sense, PhoPR/PhoBR has been characterized essentially as a global 
regulator that modulates important steps in the infectious lifestyle (111, 152). For 
example, the opportunistic pathogen B. fragilis uses PhoBR to sense a change in 
environment from the intestinal lumen to the peritoneal cavity and activate its virulence 
program (152). Another interesting case is that of V. cholerae, in which PhoBR is 
essential for survival in both its environmental reservoir and the intestinal lumen but, 
notably, for different reasons (111). In pond water, PhoBR-mediated Pi acquisition via 
the Pst system is necessary, while in the intestine, Pst-independent factors are required, 
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indicating discrete subsets of the Pho regulon are necessary in distinct niches (111). 
Hence, activation of the Pho regulon has clearly pleiotropic effects on pathogenic 
bacteria. 
 
Connection to antibiotic resistance and tolerance  
A growing body of work has also demonstrated connections between phosphate 
metabolism and sensitivity to antibiotics (129). Depending on the organism, disruptions 
in phosphate homeostasis can lead to increased or decreased resistance or tolerance to a 
variety of drugs. For example, phoU mutants of P. aeruginosa and S. pneumoniae are 
more sensitive to a range of antibiotics, including β-lactams (cefotaxime), glycopeptides 
(vancomycin), and protein synthesis inhibitors (tetracycline) (33, 162). Similarly, 
stationary phase cultures of E. coli, M. tuberculosis, and S. epidermidis strains lacking 
phoU are less tolerant to drugs with varying mechanisms of action (83, 99, 132, 154). In 
E. coli and M. tuberculosis, these phenotypes are attributed to the ability of PhoU to 
promote persister cell formation (83, 99, 132). 
Another way that phosphate homeostasis has been connected to antibiotic 
sensitivity is through crosstalk between PhoPR/PhoBR and TCSs important for 
maintaining cell wall integrity (129). For example, PhoP of Enterococcus faecium can be 
phosphorylated by VanS, part of the VanRS TCS that controls genes responsible for 
vancomycin resistance (37). A homolog of the VanRS system in B. subtilis modulates 
expression of PhoPR-regulated genes (8). S. aureus also encodes homologs of VanRS, 
highlighting the possibility that similar regulatory networks involving phosphate 
homeostasis and cell wall synthesis may be present in this organism. 
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Of note, interplay between phosphate homeostasis and antibiotic tolerance has 
already been observed in S. aureus. An adaptive evolution experiment revealed that over-
accumulation of Pi in S. aureus results in increased stationary phase tolerance to the 
clinically important antibiotic daptomycin (91). Therefore, studies with the goal of 
understanding the role of phosphate homeostasis, particularly in the context of antibiotic 
susceptibility, are important for maximizing our ability to treat staphylococcal infections. 
 
1.3 AIMS OF THIS STUDY 
Cumulatively, the literature demonstrates that the ability to acquire phosphate and 
regulate its homeostasis during infection is critical to bacterial pathogens. Additionally, 
phosphate homeostasis affects the sensitivity of these pathogens to antibiotic therapies. 
Therefore, continued investigations into these aspects of microbial physiology are 
essential to our ability to treat bacterial infections. Yet despite this, the bulk of our 
knowledge about these processes comes from studies in the Enterobacteriaceae and other 
Gram-negative organisms. Much less is known in the context of Gram-positive 
pathogens, especially in the formidable S. aureus. While a small number of studies have 
linked phosphate metabolism and staphylococcal pathogenesis (5, 17, 159), phosphate 
homeostasis remains largely uncharacterized in S. aureus. The goals of this study are 
therefore to investigate how this important pathogen accomplishes phosphate acquisition, 
regulation, and sensing with the ultimate goal of identifying new ways to decrease the 
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Acquisition of the phosphate transporter NptA enhances Staphylococcus aureus 
pathogenesis by improving phosphate uptake in divergent environments 
 
2.1 ABSTRACT 
During infection, pathogens must obtain all inorganic nutrients, such as 
phosphate, from the host. Despite the essentiality of phosphate for all forms of life, how 
Staphylococcus aureus obtains this nutrient during infection is unknown. Differing from 
Escherichia coli, the paradigm for bacterial phosphate acquisition, which has two 
inorganic phosphate (Pi) importers, genomic analysis suggested that S. aureus possesses 
three distinct Pi transporters: PstSCAB, PitA, and NptA. While pitA and nptA are 
expressed in phosphate-replete media, expression of all three transporters is induced by 
phosphate limitation. The loss of a single transporter did not affect S. aureus. However, 
disruption of any two systems significantly reduced Pi accumulation and growth in 
divergent environments. These findings indicate that PstSCAB, PitA, and NptA have 
overlapping but non-redundant functions, thus expanding the environments in which S. 
aureus can successfully obtain Pi. Consistent with this idea, in a systemic mouse model 
of disease, loss of any one transporter did not decrease staphylococcal virulence. 
However, loss of NptA in conjunction with either PstSCAB or PitA significantly reduced 
the ability of S. aureus to cause infection. These observations suggest that Pi acquisition 
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via NptA is particularly important for the pathogenesis of S. aureus. While our analysis 
suggests that NptA homologs are widely distributed among bacteria, closely related less 
pathogenic staphylococcal species do not possess this importer. Altogether, these 
observations indicate that Pi uptake by S. aureus differs from established models and that 
acquisition of a third transporter enhances the ability of the bacterium to cause infection. 
 
2.2 INTRODUCTION 
Staphylococcus aureus, carried asymptomatically by approximately one-third of 
the population, is capable of establishing infection in virtually every host tissue (21, 26, 
34). The threat of staphylococcal infections is amplified by prolific resistance to a variety 
of antibiotics among healthcare-associated isolates and the spread of antibiotic resistance 
to community-associated strains (6, 29). These factors have led organizations such as the 
Centers for Disease Control and Prevention and the World Health Organization to 
designate S. aureus as a serious threat to human health and to call for the development of 
new strategies to battle S. aureus (5, 55). During infection, pathogens must obtain their 
nutrients from the host. Understanding how pathogens such as S. aureus obtain vital 
nutrients during infection has the potential to lead to the identification of novel targets for 
therapeutic intervention.  
Phosphate is an essential nutrient for all organisms due to its critical role in 
signaling, metabolism, and macromolecular structure. As an inorganic nutrient, invading 
microbes must acquire phosphate from the host. The importance of phosphate acquisition 
is emphasized by the observation that disruption of phosphate transporters in pathogenic 
Escherichia coli, Salmonella Typhimurium, and other Enterobacteriaceae, as well as 
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other species including Vibrio cholerae, Mycobacterium tuberculosis, and Streptococcus 
pneumoniae, compromises their ability to cause infection (3, 10, 18, 23, 24, 30, 35, 51). 
However, the repertoire of phosphate importers expressed by pathogens outside of the 
Enterobacteriaceae and their contribution to the ability of pathogens such as S. aureus to 
cause infection is largely unknown.  
The preferred source of phosphate for most bacteria is inorganic phosphate (Pi). 
Bacteria are known to possess three distinct classes of Pi importers: PstSCAB 
(phosphate-specific transport) system, PitA (phosphate inorganic transport), and NptA 
(Na-dependent phosphate transport) (25, 36, 42, 57, 58). Significant insight into the 
molecular features of the Pst and Pit systems has been gained by studying their 
contribution to Pi uptake in laboratory isolates of E. coli and Bacillus subtilis (1, 16, 36, 
40, 42, 52, 53, 57). PstSCAB is an ABC family Pi transporter in which PstS is the solute-
binding protein, PstA and PstC comprise the transmembrane channel, and PstB is the 
ATPase that energizes translocation. The Pst system is a high-affinity (KM of ~0.4 µM) 
importer that transports Pi ions with high specificity (40, 42, 57). PstSCAB is the most 
highly upregulated target of the phosphate-responsive two-component regulatory system 
PhoBR and is important for Pi transport when this nutrient is scarce (19, 42, 53, 57). In E. 
coli, mutation of the pstSCAB genes results in dysregulated, constitutive expression of the 
Pi starvation-induced Pho regulon due to activation of PhoBR (19). In contrast, when Pi is 
in excess, it is predominantly transported by the Pit system. PitA of E. coli has a lower 
affinity than Pst (KM ~38 µM) and is constitutively expressed (42, 53, 57). Pit 
transporters are PMF-driven and translocate Pi complexed with a divalent cation such as 
Mg2+ as a neutral metal-phosphate complex (MeHPO4) (52). In bacteria, analysis of NptA 
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has largely been limited to Vibrio cholerae and Streptococcus pneumoniae (25, 58). NptA 
belongs to the NaPi-2 family of eukaryotic sodium-phosphate cotransporters, which have 
been more extensively studied in eukaryotic organisms (54). Differing from the Pit and 
Pst systems, NptA uses sodium to move Pi into the cell at a stoichiometry of 3 Na+ to 1 
Pi. Transport via NaPi-2 transporters is augmented by increased Na+ concentration and 
increased pH (4, 25). Analysis of the nptA gene of V. cholerae expressed in E. coli cells 
revealed that NptA has a considerably lower affinity (KM ~300 µM) for Pi than either the 
Pit or Pst systems of E. coli (25). This observation led to the suggestion that NptA is 
important during the establishment of infection when the need for nutrients is especially 
great (25). However, the contribution of NptA to bacterial pathogenesis has not been 
directly evaluated. 
Given the importance of phosphate, we set out to identify the Pi uptake systems 
expressed by S. aureus and elucidate their respective contributions to pathogenesis. Our 
analysis revealed that S. aureus encodes three distinct Pi transporters, PstSCAB, PitA, 
and NptA. Expression of all three systems increases in response to Pi limitation. Analysis 
of a panel of single and double transporter mutants revealed that each importer is attuned 
to import Pi optimally in a discrete environment. While no single transporter is necessary 
for virulence, only NptA is sufficient to mediate full pathogenesis of S. aureus. Notably, 
this indicates that S. aureus differs significantly from many Enterobacteriaceae, 
including E. coli, which currently serves as the paradigm for bacterial Pi transport. These 
findings also illuminate the important contribution of NptA, a widely distributed but little 




Staphylococcus aureus encodes three putative Pi transporters 
As an initial step to identify the staphylococcal Pi transporters, the S. aureus 
Newman genome was analyzed via BLAST for known Pi importers. This analysis 
identified three potential Pi transporters: pstSCAB, pitA, and nptA (Fig. 2.1A). In addition 
to the putative Pi transport genes, each locus encoded a PhoU homolog (pstSCAB and 
pitA loci) or domain (nptA locus). The presence at each locus of phoU, which contributes 
to regulating the Pi starvation response in E. coli and other organisms (19), strengthens 
the presumption that the staphylococcal PstSCAB, PitA, and NptA homologs are Pi 
transporters. A comprehensive analysis of ~9,000 Staphylococcal genomes, representing 
38 species available from NCBI revealed that pstSCAB and pitA are almost universally 
conserved (pstSCAB is only missing from a single species, S. microti) (Table 2.1). In 
contrast, nptA had a much more heterogeneous distribution, with only 60% (24/38) of 
species including S. aureus encoding an NptA homolog (Table 2.1). Comparative 
genome alignments of the nptA-encoding regions in S. aureus and the other 
staphylococcal species indicated that nptA is located in distinct genomic locations (Fig. 
2.1B). Intriguingly, our analysis of the nptA loci suggests that, following an ancestral loss 
event, S. aureus reacquired nptA from a staphylococcal donor (Fig. 2.1C and D). An 
expanded investigation of the distribution of NptA homologs in a variety of bacteria 
revealed that this Pi transporter was widely distributed among bacterial phyla (Table 2.2). 
NptA homologs were found to be particularly common among the Firmicutes, with an 
average copy number of 0.82 per genome, as well as in the family Enterobacteriaceae, 
with an average of 0.76 copies per genome (Table 2.2). 
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Expression of three putative Pi transporters in S. aureus increases upon Pi limitation 
To facilitate studying phosphate acquisition in S. aureus, a Pi-limiting, defined 
medium (PFM9), based on M9 salts and a previously described defined staphylococcal 
growth medium (41), was created so that Pi starvation could be imposed in culture. In this 
medium, S. aureus growth is dependent on the addition of Pi, with maximal growth 
observed in the presence of 1.58 mM Pi (Fig. 2.2A). The Pi dependence of growth in this 
medium suggested that it could be utilized to impose Pi starvation. To confirm this 
assumption, intracellular phosphate levels were assessed following growth in PFM9 
supplemented with varying concentrations of Pi. Concentrations of Pi that limited 
staphylococcal growth resulted in reduced accumulation of intracellular phosphate (Fig. 
2.2B). At the lowest concentration tested, S. aureus accumulated ~7-fold less phosphate 
than when bacteria were grown in Pi-replete medium (5 mM Pi). In total, these results 
demonstrate that PFM9 can be used to impose phosphate limitation on S. aureus. 
If PstSCAB, PitA, and NptA are Pi importers, their expression would be expected 
to increase in response to reduced Pi availability. Using transcriptional reporter fusions, 
we found that while pitA and nptA were expressed in Pi-replete conditions, expression of 
both systems increased significantly in Pi-limiting medium (Fig. 2.3A and B). While we 
observed negligible expression of pstSCAB in Pi-replete medium, the system was induced 
~3,000-fold when Pi was limiting (Fig. 2.3C). In total, these results support the 





PstSCAB, PitA, and NptA promote growth of S. aureus in divergent environments 
To elucidate in which conditions the putative transporters support growth of S. 
aureus, ΔpstSCAB, ΔpitA, and ΔnptA mutants were grown in medium supplemented with 
high and low Pi. No growth defects were observed with any of the single mutants (Fig. 
2.4A), indicating that none of the transporters are essential in these conditions. As S. 
aureus encodes multiple putative Pi transporters, we reasoned that the systems might be 
able to compensate for one another in vitro. To evaluate this possibility, a series of 
double mutants (ΔpstSCAB ΔpitA, ΔpstSCAB ΔnptA, and ΔnptA ΔpitA) was constructed. 
Multiple attempts to construct a ΔpstSCAB ΔnptA ΔpitA triple mutant were unsuccessful, 
suggesting PstSCAB, PitA, and NptA are the only Pi transporters expressed by S. aureus 
in standard laboratory conditions.  
When growth of the double transporter mutants was assessed in PFM9 medium   
supplemented with high and low Pi (buffered to pH 7.4), ΔpstSCAB ΔpitA and ΔpstSCAB 
ΔnptA grew similarly to wild type in both Pi-replete and -deplete medium, suggesting that 
NptA or PitA, respectively, is sufficient for growth in these conditions (Fig. 2.5A and B). 
While ΔnptA ΔpitA, which presumptively relies on PstSCAB for Pi uptake, also grew 
similarly to wild type in PFM9 (Fig. 2.6A), we observed that it formed smaller colonies 
on tryptic soy agar plates (Fig. 2.6B). Additionally, when growth of the ΔnptA ΔpitA 
mutant was assessed in Pi-replete rich medium (tryptic soy broth), this strain grew slower 
than wild type S. aureus or the other single and double mutants (Table 2.3). Ectopic 
expression of either nptA or pitA reversed the growth rate defect of ΔnptA ΔpitA in tryptic 
soy broth (Table 2.3). Together, these data suggest that Pi acquisition via the Pst system 
is insufficient to support robust growth of S. aureus in rich medium. When combined 
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with the observation that pstSCAB is expressed in low but not high Pi medium, these data 
suggest that the Pst system largely contributes to Pi uptake when the availability of this 
nutrient is limiting.  
In several bacteria, the efficacy of Pi transporters is differentially affected by 
environmental conditions. For example, the transport rate of NptA from V. cholerae is 
augmented in alkaline conditions and PitA from E. coli optimally imports Pi in acidic 
environments (25, 43). This raises the possibility that the expanded repertoire of 
importers expressed by S. aureus may expand the environmental niches that it can 
occupy. To evaluate if the S. aureus transporters enhance growth in divergent 
environments, PFM9 was adjusted from physiological to acidic or alkaline pH. As before, 
no growth defects were observed with any of the single mutants in any of the conditions 
tested (Fig. 2.4B and C). However, the presumably NptA-dependent ΔpstSCAB ΔpitA 
had a severe growth defect in acidic Pi-limiting medium (Fig. 2.5A). Inversely, the 
presumptively PitA-dependent ΔpstSCAB ΔnptA was unable to grow in alkaline Pi-
limiting medium (Fig. 2.5B). The growth defects of ΔpstSCAB ΔpitA and ΔpstSCAB 
ΔnptA could be complemented by ectopic expression of either of the deleted transporters 
(Fig. 2.5C to F and Fig. 2.7). Both pitA and nptA were expressed in Pi-limited medium 
regardless of pH, indicating that the growth defect is due to reduced activity of the 
transporter rather than reduced expression of pitA and nptA (Fig. 2.8). Importantly, the 
growth defects of the mutants were also reversed by the addition of Pi, indicating that the 
phenotypes are not due to a generalized growth defect in either acidic or alkaline 
environments (Fig. 2.5A and B). Cumulatively, these observations suggest that Pi 
transport by PitA and NptA is suboptimal in basic and acidic pH, respectively. 
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To further interrogate the importance of each transporter in different 
environments, the expression of the transporters was assessed in ΔpstSCAB, ΔpitA, and 
ΔnptA backgrounds as a function of pH and Pi level. We reasoned that, in a given 
environment, loss of a preferred Pi importer would result in compensatory increases in 
expression of the other transporters due to suboptimal Pi acquisition. At neutral pH, nptA 
and pst expression increased significantly in the ΔpitA strain, suggesting PitA may be the 
optimal Pi transporter in these conditions (Fig. 2.9A). At acidic pH in Pi-replete medium, 
expression of all three transporters significantly increased in the ΔpitA strain but not 
ΔpstSCAB or ΔnptA strains (Fig. 2.9B). This suggests that PitA is the predominant Pi 
transporter utilized by S. aureus in acidic conditions. Inversely, at alkaline pH in Pi-
replete medium, loss of nptA but not pitA or pstSCAB resulted in significantly increased 
transporter expression (Fig. 2.9C), suggesting NptA is the preferred Pi importer in these 
conditions. In Pi-deplete medium, similar but less pronounced pH-dependent increases in 
pitA and nptA expression in ΔpitA and ΔnptA strains were observed; however, the 
pstSCAB system was not induced to levels significantly greater than wild type (Fig. 2.9). 
The lack of increased pstSCAB expression may be because maximal induction of the 
system has already been reached in these conditions. Interestingly, no significant 
increases in expression of the transporters were observed in the ΔpstSCAB mutant, 
suggesting that S. aureus does not primarily rely on Pst for growth in the conditions 
tested. Altogether, these data indicate that S. aureus utilizes its three Pi transporters 




Pi acquisition via PstSCAB, PitA, and NptA is optimal in different conditions 
To evaluate whether loss of the putative transporters decreases Pi acquisition by S. 
aureus, the ability of each double mutant to accumulate Pi was assessed in replete and 
limiting Pi at neutral, acidic, and basic pH. The PitA- and NptA-dependent mutants 
(ΔpstSCAB ΔnptA and ΔpstSCAB ΔpitA, respectively) accumulated as much Pi as wild 
type bacteria at neutral pH (Fig. 2.10A). In contrast, Pst-dependent ΔnptA ΔpitA 
accumulated approximately 25% less Pi compared to wild type in both Pi-replete and -
limiting conditions at neutral and acidic pH (Fig. 2.10A and B). Coupled with the 
diminished growth rate of ΔnptA ΔpitA, this observation suggests that the Pst system is 
unable to satiate a rapidly growing cell’s need for phosphate. In acidic Pi-limiting 
medium, the NptA-dependent ΔpstSCAB ΔpitA mutant contained less Pi compared to 
wild type, suggesting that its growth defect is due to a reduced ability to acquire Pi in 
these conditions (Fig. 2.10B). The PitA-dependent strain ΔpstSCAB ΔnptA was unable to 
be tested in basic medium with limiting Pi because it could not grow in this condition; 
notably, however, the ability of this strain to grow and acquire Pi could be complemented 
by the addition of Pi (Fig. 2.10C). In total, the ability of each double mutant to acquire Pi 
in at least one tested growth condition highlights a role for all three systems as a Pi 
importer. In sum, these data indicate that PstSCAB, PitA, and NptA are Pi transporters 
that optimally promote Pi acquisition in discrete environments. 
 
NptA is sufficient for systemic S. aureus infection 
To evaluate the contribution of the staphylococcal Pi importers to virulence, 
C57BL/6 mice were infected with wild type S. aureus and the transporter single mutants 
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(ΔpstSCAB, ΔpitA, and ΔnptA). Similar to the growth assays, none of the single mutants 
had a virulence defect (Fig. 2.11). To determine if any transporter is sufficient for S. 
aureus pathogenesis, mice were infected with the transporter double mutants (ΔpstSCAB 
ΔpitA, ΔpstSCAB ΔnptA, and ΔnptA ΔpitA). Mice infected with ΔpstSCAB ΔnptA and 
ΔnptA ΔpitA lost less weight when compared to mice infected with wild type S. aureus 
(Fig. 2.12A). Significantly reduced bacterial burdens were recovered from the heart, 
kidneys, and liver of mice infected with ΔnptA ΔpitA relative to those infected with wild 
type S. aureus (Fig. 2.12B to D). Remarkably, ΔpstSCAB ΔpitA was as virulent as wild 
type bacteria, indicating that Pi transport by NptA is sufficient to mediate S. aureus 




S. aureus is a versatile pathogen that can thrive in a multitude of environments, 
enabling it to infect virtually all host tissues. Despite the essential role of Pi in many 
cellular processes, the contribution of Pi transport to virulence remains unstudied in S. 
aureus and many other pathogens. In this work, we found that S. aureus expresses three 
Pi transporters, PstSCAB, PitA, and NptA, which optimally facilitate growth and Pi 
acquisition in distinct environments. While none of the transporters are essential for 
systemic infection, NptA, a member of a conserved but sparsely studied family of 
bacterial Pi transporters, is the only transporter sufficient to mediate wild type levels of 
staphylococcal disease. This is particularly surprising as PstSCAB is necessary for the 
pathogenesis of E. coli and other Enterobacteriaceae (23). While NptA homologs are 
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widely distributed in bacteria, within the staphylococci, NptA is only present in ~60% of 
staphylococcal species including S. aureus. Of note, our analysis indicates that a lineage 
of human-associated species that are closely related to but less pathogenic than S. aureus 
(namely S. epidermidis, S. lugdunensis, and S. haemolyticus) underwent a shared loss of 
nptA but have not reacquired this gene (Fig. 2.1D) (44). In total, the current observations 
suggest that acquisition of NptA enhances the ability of S. aureus to obtain Pi and cause 
infection, and may contribute to the heightened pathogenicity of this species.  
The maintenance of proper cellular levels of phosphate via acquisition and 
regulation has been extensively characterized in E. coli. This has led E. coli to become 
the paradigm for bacterial phosphate homeostasis, a position borne out by virulence 
studies in many enterobacterial pathogens (3, 10, 23, 24, 51). However, Pi acquisition and 
homeostasis in S. aureus do not follow the rules of E. coli, as is the case for several other 
organisms, including B. subtilis, S. pneumoniae, M. tuberculosis, and V. cholerae (25, 35, 
36, 50, 58). The most notable difference is that in addition to PitA and PstSCAB, S. 
aureus possesses a third functional Pi importer, NptA. E. coli strains lacking PitA and 
PstSCAB are incapable of growth on Pi as a phosphate source (46). Beyond this, our 
results suggest that S. aureus takes a profoundly different approach to coping with Pi 
limitation. Intracellular Pi concentrations of E. coli are thought to be quite stable, with E. 
coli only experiencing a maximal four-fold reduction in intracellular Pi when the nutrient 
is limiting (39, 53). Additionally, when grown in Pi-limiting media, E. coli transiently 
accumulates high levels of polyphosphate, a storage form of Pi, during logarithmic 
growth (22, 38). In S. aureus, however, there was an approximately 7-fold reduction in 
the total cellular Pi concentration between S. aureus grown in Pi-replete versus -limiting 
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media even after treatment with a polyphosphatase. This observation indicates that the 
dynamic range of intracellular Pi concentration in S. aureus is larger than that of E. coli. 
Overall, these findings indicate that Pi acquisition and homeostasis in S. aureus differs 
substantially from the paradigm established by E. coli. This idea is further supported by 
the observation that disruption of the Pst structural genes in S. aureus does not result in 
constitutive expression of the Pi importers as observed in E. coli and others including M. 
tuberculosis (40, 49). The presence of a phoU gene at the pst locus in S. aureus suggests 
that staphylococcal phosphate homeostasis is also distinct from the more closely related 
B. subtilis, which does not possess a PhoU homolog (48). Intriguingly, the presence of 
phoU genes/domains in addition to the pst-associated phoU further suggests that 
regulation of S. aureus phosphate homeostasis differs from established models. While the 
presence of multiple copies of phoU is not unique to S. aureus, how the presence of 
multiple PhoU proteins, particularly those associated with pit and nptA loci, impacts 
control of phosphate homeostasis is largely unknown.   
In Pi-replete environments, PitA is the primary system utilized by E. coli to obtain 
this critical nutrient, with the PstSCAB system expressed in Pi-limiting environments (40, 
53). While there are differences in how the two organisms handle Pi limitation, S. aureus 
utilizes a similar regulatory logic to control the expression of its Pi importers. Similar to 
E. coli, in S. aureus, PitA appears to be the primary transporter expressed in neutral, Pi-
replete conditions. In response to loss of PitA in acidic environments (Fig. 2.9B) or 
environments where the ability of PitA to transport Pi is compromised such as in alkaline 
media (Fig. 2.8B), S. aureus induces the expression of nptA and pstSCAB. Interestingly, 
in both of these conditions, nptA expression reaches a value closer to its maximal 
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induction in Pi-limiting conditions than pstSCAB expression. This suggests that when 
PitA is unable to supply the cell with sufficient Pi, S. aureus may selectively induce NptA 
before the Pst system. How S. aureus would achieve this differential regulation in 
response to presumptively the same stimulus is unclear. An intriguing possibility is that 
the expanded repertoire of PhoU-like molecules enables a more nuanced approach to 
controlling the expression of the S. aureus importers.  
Differing from most essential nutrients, the biologically available form of Pi is 
strongly influenced by pH, as well as the identity and abundance of monovalent and 
divalent cations. Prior biochemical analysis of PitA and NptA homologs from E. coli, V. 
cholerae, and others revealed these importers optimally transport Pi in distinct 
environments (25, 43, 52). Our analysis demonstrates that this difference in preferred 
substrates expands the environments in which S. aureus can satiate its need for Pi. 
Throughout the host, the abundance of potential counter ions can change; for example, 
kidneys are rich in monovalent ions like Na+ and K+. Intriguingly, Na+ increases Pi 
transport rates of NptA from V. cholerae and rat (17, 25). As the importance of PitA and 
NptA are revealed in the absence of PstSCAB system, the question remains, do these 
systems provide an advantage? In culture, when forced to rely on PstSCAB, S. aureus 
grows more slowly, and accumulates less Pi, in nutrient- and Pi-replete environments than 
wild type bacteria. This suggests that relying on PstSCAB can be suboptimal. The 
virulence defect of ΔnptA ΔpitA suggests that a similar situation is also occurring during 
systemic infection. In conjunction with the virulence defect of a strain forced to rely on 
PitA to obtain Pi, these results suggest that acquisition of NptA enhances the ability of S. 
aureus to cause infection. At the same time, the recovery of a pitA mutant from a screen 
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for factors that contribute to the development of osteomyelitis indicates that in some host 
environments PitA is the preferred Pi importer (56). While the current studies do not 
provide a definitive rationale for the retention of the PstSCAB system, it seems unlikely 
that S. aureus would maintain three distinct transporters unless the bacterium encounters 
conditions in which each is necessary within the host. As PstSCAB is a high-affinity 
importer, it is tempting to speculate that it is most important for growth in environments 
where phosphate availability is limited, either due to reduced absolute abundance or 
competition with other microbes. In any case, as demonstrated by the ability of ΔpitA and 
ΔnptA to grow and infect mice as well as wild type, it is clear that PstSCAB can 
sufficiently augment Pi uptake when either PitA or NptA is not functioning optimally. In 
total, this suggests that the acquisition of NptA and the expression of three distinct Pi 
importers enhance S. aureus fitness by enabling optimal Pi acquisition in divergent 
environments.  
In S. aureus and S. pneumoniae, NptA functions as a Pi importer. While PstSCAB 
and PitA are the only Pi importers expressed by E. coli, it does possess an NptA homolog, 
YjbB. However, overexpression studies suggest that in E. coli YjbB functions as a Pi 
exporter (33). While the physiological role of YjbB remains unclear, this observation 
suggests that the NptA homologs possessed by other bacteria may function as either 
importers or exporters. While transporters are typically unidirectional, in E. coli and 
Metallosphaera sedula, Pit family transporters have been demonstrated to efflux Pi (14, 
28). Intriguingly, in these cases, the PitA homologs are thought to protect the bacteria 
from metal toxicity due to their ability to export a neutral phosphate-metal complex. 
Given the widespread distribution of NptA, particularly within the Enterobacteriaceae 
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and other pathogenic genera, it seems likely that homologs will contribute to Pi 
acquisition by other virulent species. However, due to the ability of NptA and PitA 
homologs to function as Pi efflux pumps, the specific role of each system to the lifestyle 
of any given bacterium will need to be directly evaluated.  
As the efficacy of current antibiotic therapies continues to decrease, infection has 
once again become a significant threat to human health. As both over- and under-
accumulation of phosphate is detrimental to bacteria (32, 53), phosphate homeostasis 
represents a regulatory network primed for therapeutic disruption. Thus, continued 
investigations into this aspect of staphylococcal physiology will not only expand our 
understanding of how bacteria obtain phosphate and control cellular levels of this 
essential nutrient, but also provide critical insight that may facilitate the development of 
new approaches for combating infection. 
 
2.5 MATERIALS AND METHODS 
Ethics statement 
All experiments involving animals were approved by the Institutional Animal 
Care and Use Committee of the University of Illinois at Urbana-Champaign (IACUC 
license number 15059) and performed according to NIH guidelines, the Animal Welfare 
Act, and US Federal law. 
 
Bioinformatic analysis of distribution of inorganic phosphate transporter loci 
Inorganic phosphate transporters (PstSCAB, PitA, NptA) and associated 
phosphate regulatory proteins (PhoU, PhoBR) of interest were identified from the 
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literature. An initial BLASTP search using default parameters was completed with 
characterized representatives against the S. aureus str. Newman genome sequence to 
identify possible homologs. A detailed analysis was carried out using genomes retrieved 
from GenBank for ~9,000 staphylococcal genomes, representing 38 species from NCBI 
and several outgroups (list of genomes queried available as “Supplemental file 2” at 
https://iai.asm.org/content/86/1/e00631-17/figures-only#fig-data-additional-files). 
Predicted coding sequences were searched using HMMRSCAN (--cut_tc) with 
TIGRFAM, PFAM and custom hidden Markov models for 13 universally conserved 
proteins in addition to the Pi transporters (Table 2.4) (11, 15). Representatives were 
manually checked to validate ortholog predictions, and tBLASTn was used to confirm the 
absence of NptA using default search parameters. Universally conserved proteins were 
individually aligned with MUSCLE, concatenated and used to generate a phylogenetic 
tree with RAxML on the CIPRES website using default parameters (31, 47). The 
distribution and genomic context of the Pi transporters were examined and mapped to the 
phylogeny and aligned with MAUVE (9). Predicted gains and losses of nptA were 
inferred based on parsimony. 
Subsequently, the Kyoto Encyclopedia of Genes and Genomes (KEGG) orthology 
assignments for each of the NptA gene family (KEGG K03324 and K14683) were 
retrieved for all Bacteria on 17 July 2017 (20). The results were compiled for one strain 
of each named species and counted to provide the average number of gene copies for 




Bacterial strains and cloning 
S. aureus str. Newman and its derivatives were used for all experiments. S. aureus 
was routinely grown in tryptic soy broth (TSB) and on tryptic soy agar plates (TSA), 
while E. coli was routinely cultivated in Luria Broth (LB) and on Luria agar plates. Both 
species were grown at 37°C; all strains were stored in media containing 30% glycerol at -
80°C. As needed to maintain plasmids, 100 µg/ml ampicillin or 10 µg/ml 
chloramphenicol was added to the growth medium. Anhydrotetracycline was added at 
200 ng/ml for gene induction where indicated. 
S. aureus ΔpstSCAB, ΔnptA, and ΔpstSCAB ΔnptA mutants were generated by 
amplifying the 5’ and 3’ flanking regions (~1 kb up- and downstream) of pstSCAB or 
nptA using the indicated primers (Table 2.5). Fragments were cloned into the pKOR1 
knockout vector (2) via site-specific recombination using the Gateway BP Clonase II 
Enzyme mix (Thermo Fisher Scientific). The deletions were constructed via allelic 
exchange as previously described (2). The S. aureus USA300 (JE2) pitA::erm allele was 
obtained from the Nebraska Transposon Mutant Library (12) and was transduced via 
Phi85 phage into Newman, ΔpstSCAB, and ΔnptA backgrounds. All mutant strains were 
confirmed to be hemolytic when grown on TSA blood agar plates. For complementation 
studies, pstSCAB and nptA were cloned into the pOS1 vector (45) under their native 
promoters using the indicated primers (Table 2.5). pitA was cloned under an 
anhydrotetracycline-inducible promoter into the pRMC2 vector (8) using the indicated 
primers (Table 2.5). To create the reporter constructs, the promoters of each transporter 
were cloned into the pAH5 vector (27) via the indicated primers (Table 2.5). All PCR-
generated constructs were verified by sequencing. 
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Growth medium, phosphate growth assays and expression analysis 
Phosphate-free M9-based medium (PFM9) was based on a chemically defined 
medium reported by Richardson et al. (41). PFM9 salts consisted of 104 mM NaCl, 19 
mM NH4Cl, 22 mM KCl, 12.4 mM Tris base, and 70 mM of either MOPS (for pH 6.4), 
HEPES (for pH 7.4), or Tris (for pH 8.4). PFM9 salts were supplemented with trace 
amino acids (0.06 g/L alanine, 0.07 g/L arginine, 0.09 g/L aspartate, 0.02 g/L cysteine, 
0.1 g/L glutamate, 0.05 g/L glycine, 0.03 g/L histidine, 0.03 g/L isoleucine, 0.09 g/L 
leucine, 0.01 g/L lysine, 0.07 g/L methionine, 0.04 g/L phenylalanine, 0.06 g/L proline, 
0.03 g/L serine, 0.03 g/L threonine, 0.01 g/L tryptophan, 0.05 g/L tyrosine, 0.08 g/L 
valine), trace vitamins (0.2 µg/L biotin, 0.2 mg/L nicotinic acid, 0.2 mg/L pyridoxine-
HCl, 0.2 mg/L thiamine-HCl, 0.1 mg/L riboflavin, 0.6 mg/L calcium pantothenate), 0.5% 
glucose, 2 mM MgSO4, 1 mM CaCl2, 6.2 mM β-mercaptoethanol, 1 µM FeSO4, 1 µM 
ZnSO4, and 1 µM MnCl2 to constitute PFM9 medium. Phosphate levels in the media 
were adjusted using a combination of NaH2PO4 and Na2HPO4.  
For phosphate limitation growth assays, bacteria were inoculated into 5 ml tryptic 
soy broth (TSB) for 8 hours, then backdiluted 1:10 into 5 ml PFM9 + 70 mM MOPS + 
158 µM Pi, pH 6.40, for 12 hours. Overnight cultures were normalized with PFM9 + 70 
mM MOPS + 158 µM Pi, pH 6.40, and inoculated 1:100 into a 96-well round-bottom 
plate containing 100 µl/well PFM9. Plates were incubated at 37°C with shaking at 180 
rpm. Bacterial growth was monitored by measuring optical density (OD600). Expression 
was determined by measuring fluorescence (excitation/emission wavelengths: 505/535) 
and normalizing to OD600, then subtracting RFU of empty vector controls.  
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Phosphate accumulation assays 
Bacteria were grown as for the phosphate growth assays at the indicated pH and 
Pi concentration, and then harvested at similar optical densities (OD600=0.2-0.25). Cells 
were washed once and then lysed in TE buffer (10 mM Tris, pH 8.0, 1 mM EDTA) by 
mechanical disruption. Lysates were centrifuged to remove particulate matter. To digest 
any polyphosphates, lysates were diluted 1:5 into polyphosphatase reaction buffer (20 
mM Tris, pH 7.5, 150 mM NaCl, 2 mM MgCl2) and subsequently treated with yeast 
exopolyphosphatase for 30 minutes at 37°C. Pi monomers were then measured with 
BIOMOL Green reagent according to the manufacturer’s instructions. Protein 
concentration was measured in untreated lysates using the Pierce BCA Assay kit. 
Recombinant His6-tagged Saccharomyces cerevisiae exopolyphosphatase was produced 
in E. coli and purified as previously described (7). 
 
Animal infections 
Mouse infections were performed essentially as previously described with minor 
modifications (13, 37). Briefly, wild type and the six single and double mutant strains of 
S. aureus were grown in TSB for 3 hours on a roller drum, then washed and resuspended 
in phosphate-free, carbonate-buffered saline and diluted to an approximate density of 108 
CFU/ml. Nine-week-old female C57BL/6J mice were injected retro-orbitally with 107 
CFU in 100 µl buffer. The infection was allowed to proceed for 96 h before the mice 
were sacrificed. Livers, hearts and kidneys were removed, the organs were homogenized 
and bacterial burdens were determined by plating serial dilutions.  
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2.6 FIGURES AND TABLES 
 
Figure 2.1. S. aureus reacquired nptA after ancestral loss. (A) BLAST analysis of the 
S. aureus Newman genome identified three putative Pi acquisition system loci: pstSCAB 
(top), pitA (middle), and nptA (bottom). Structural genes of the transporters are in white. 
Each locus contains a phoU (light gray) gene (pstSCAB and pitA) or domain (nptA). 
Flanking genes are in dark gray. Locus numbers correspond to the S. aureus Newman 
genome annotation. Genes and intergenic regions are not drawn to scale. (B) Schematic 
representation of nptA encoding regions from six staphylococcal species aligned with 
MAUVE illustrates variable syntenic genes flanking nptA (red). Species are assigned 
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Figure 2.1. (cont.) groups 1-4 based on the degree of synteny observed. Colored 
rectangles are shared homologous genes with greater than 50% nt identity, white are 
unique. (C) Maximum likelihood phylogeny generated from aligned Staphylococcal nptA 
alleles suggests nptA was present in the common ancestor of the genus Staphylococcus 
and that presence of nptA in S. aureus is due to HGT (red). (D) Possible gains and losses 
of nptA in the genus Staphylococcus are overlaid on a maximum likelihood phylogeny for 
38 Staphylococcus spp. generated from 13 conserved core genes. Thick lines indicate 
Staphylococcus lineages with nptA and thin lines indicate those without. Circled letters 
indicate predicted gain/loss events based on parsimony. In (C) and (D), branch lengths 
reflect the number of amino acid substitutions per site, and bootstrap values ≥75 are 




Genomes pstS pstC pstA pstB pit nptA phoU phoB1 phoR 
Staphylococcus lutrae 1 1 1 1 1 1 1 2 1 1 
Staphylococcus pseudintermedius 11 1 1 1 1 1 1 2 1 1 
Staphylococcus delphini 1 1 1 1 1 1 1 2 1 1 
Staphylococcus intermedius 2 1 1 1 1 1 1 2 1 1 
Staphylococcus schleiferi 5 1 1 1 1 1 1 2 1 1 
Staphylococcus agnetis 4 1 1 1 1 1 1 2 1 1 
Staphylococcus hyicus 1 1 1 1 1 1 1 2 1 1 
Staphylococcus chromogenes 1 1 1 1 1 1 1 2 1 1 
Staphylococcus microti 1 0 0 0 0 1 1 1 1 1 
Staphylococcus massiliensis 2 1 1 1 1 1 1 2 1 1 
Staphylococcus capitis 37 1 1 1 1 1 0 2 1 1 
Staphylococcus caprae 2 1 1 1 1 1 0 2 1 1 
Staphylococcus epidermidis 372 1 0.99 1 0.99 0.99 0 1.99 1 0.99 
Staphylococcus lugdunensis 12 1 1 1 1 1 0 2 0.92 1 
Staphylococcus hominis 42 1 1 0.98 1 1 0 2 1 1 
Staphylococcus haemolyticus 159 1 1 1 0.99 1 0 2 1 1 
Staphylococcus warneri 19 1 1 1 1 1 0 2 1 1 
Staphylococcus pasteuri 3 1 1 1 1 1 0 2 1 1 
Staphylococcus simiae 1 1 1 1 1 1 0 2 1 1 
Staphylococcus schweitzeri 3 1 1 1 1 1 1 2 1 1 
Staphylococcus argenteus 106 1 1 1 1 1 1 2 1 0.99 
Staphylococcus aureus 7792 0.99 1 1 1 1 0.99 2 1 1 
Staphylococcus pettenkoferi 4 1 1 1 1 1 0 2 1 1 
Staphylococcus auricularis 1 1 1 1 1 1 1 2 1 1 
Staphylococcus equorum 21 1 1 1 1 1 1 2 1 1 
Staphylococcus cohnii 14 1 1 1 1 1 1 2 1 1 
Staphylococcus saprophyticus 40 1 1 1 1 1 0.88 2 1 1 
Staphylococcus xylosus 14 1 1 1 1 1 1 2 1 1 
Staphylococcus succinus 4 1 1 1 1 1 1 2 1 1 
Staphylococcus gallinarum 1 1 1 1 1 1 0 2 1 1 
Staphylococcus arlettae 1 1 1 1 1 1 1 2 1 1 
Staphylococcus simulans 5 1 1 1 1 1 0 2 1 1 
Staphylococcus condimenti 3 1 1 1 1 1 0 2 1 1 
Staphylococcus carnosus 4 1 1 1 1 1 0 2 1 1 
Staphylococcus lentus 4 1 1 1 1 1 1 2 1 1 
Staphylococcus sciuri 15 1 1 1 1 1 1 2 1 1 
Staphylococcus vitulinus 1 1 1 1 1 1 1 2 1 1 
Staphylococcus fleurettii 1 1 1 1 1 1 1 2 1 1 
Fractional numbers are mostly artifacts of incomplete genomes sequences, except for S. saprophyticus, of which 5 
strains have partial gene deletions of nptA. 























Staphylococcaceae 15 0.40 
 












Alphaproteobacteria 196 0.56 
 
Betaproteobacteria 131 0.46 
 
Deltaproteobacteria 56 0.61 
 
Epsilonproteobacteria 38 0.61 
 
Gammaproteobacteria 328 0.61 
  








aNumber of individual species' genomes in KEGG database; baverage gene copy per genome. 




Figure 2.2. Intracellular Pi concentrations in S. aureus decrease during Pi limitation. 
(A) Growth of wild type S. aureus in PFM9, pH 7.4, supplemented with various 
concentrations of Pi measured by OD600. n=3; error bars indicate SEM and are frequently 
smaller than the symbols. (B) Intracellular Pi levels normalized to protein concentration 
in wild type S. aureus grown in PFM9 supplemented with the indicated concentrations of 







Figure 2.3. Expression of the three Pi transporters in S. aureus increases upon Pi 
limitation. Expression of pitA (A), nptA (B), and pstSCAB (C) in wild type S. aureus 
after 9 hours of growth in PFM9, pH 7.4, supplemented with 5 mM (excess) or 50 µM 
(limiting) Pi. Expression was assessed using the reporter plasmids PpitA-yfp, PnptA-yfp, and 
PpstS-yfp. * = p < 0.05 compared to 5 mM Pi via unpaired t-test. n=3; error bars indicate 




Figure 2.4. The S. aureus Pi transporters compensate for one another in vitro. 
Growth measured by OD600 of wild type, ΔpstSCAB, ΔpitA, ΔnptA after 12 hours in 
PFM9 supplemented with various Pi concentrations adjusted to pH 7.4 (A), 6.4 (B), or 8.4 
(C). n=3; error bars indicate SEM.   
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Figure 2.5. NptA and PitA promote growth of S. aureus in divergent environments. 
(A and B) Growth of ΔpstSCAB ΔpitA (A) and ΔpstSCAB ΔnptA (B) in PFM9 adjusted to 
pH 6.4, 7.4, or 8.4 with different supplemental Pi concentrations. Growth was measured 
by assessing OD600 at 12 hrs. * = p < 0.05 compared to wild type via two-way ANOVA 
with Dunnett’s posttest. n=3; error bars indicate SEM. Similar results were obtained 
when growth was compared at earlier time points (data not shown). (C-F) Growth of the 
indicated strains measured by OD600 at 12 hrs and normalized to wild type in PFM9, pH 
6.4 (C and D) or 8.4 (E and F), with 50 µM supplemental Pi. pEV = empty vector. * = p < 
0.05 for the indicated comparisons via one-way ANOVA with Sidak’s posttest. n=3; 
error bars indicate SEM.  
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Figure 2.6. PstSCAB is insufficient for growth of S. aureus on rich media agar 
plates. (A) Growth of ΔnptA ΔpitA in PFM9 adjusted to pH 6.4, 7.4, or 8.4 with different 
supplemental Pi concentrations was measured by OD600 and normalized to wild type. 
n=3; error bars indicate SEM. * = p < 0.05 compared to wild type via two-way ANOVA 
with Dunnett’s posttest. (B) Wild type and the single transporter mutants (ΔpstSCAB, 
ΔpitA, and ΔnptA) or the double transporter mutants (ΔnptA ΔpitA, ΔpstSCAB ΔpitA, and 







Doubling time ± SD 
(in minutes) 
Wild type (WT) 33.0 ± 1.7 
ΔpstSCAB 31.8 ± 0.6 
ΔpitA 32.8 ± 1.0 
ΔnptA 30.3 ± 0.6* 
ΔpstSCAB ΔpitA 32.0 ± 0.3 
ΔpstSCAB ΔnptA 31.8 ± 1.0 
ΔnptA ΔpitA 37.5 ± 1.5* 
WT pEV 32.8 ± 0.6 
ΔpitA pEV 32.5 ± 0.6 
ΔnptA ΔpitA pEV 38.2 ± 1.1* 
ΔnptA ΔpitA pnptA 32.2 ± 0.6 
WT pPTet-empty 39.5 ± 0.7 
ΔnptA pPTet-empty 42.7 ± 2.8 
ΔnptA ΔpitA pPTet-empty 48.3 ± 2.0* 
ΔnptA ΔpitA pPTet-pitA 40.8 ± 1.5 
* = p < 0.05 compared to wild type via one-way ANOVA with Sidak’s posttest. pEV = empty vector. 




Figure 2.7. Growth defects of ΔpstSCAB ΔpitA and ΔpstSCAB ΔnptA can be 
complemented by ectopic expression of either deleted transporter. (A) Growth of 
wild type S. aureus, ΔpstSCAB, and ΔpstSCAB ΔpitA carrying empty vector (pPTet-
empty) and ΔpstSCAB ΔpitA carrying pPTet-pitA in PFM9, pH 6.4, with 50 µM Pi as 
measured by OD600. n=3; error bars indicate SEM and are frequently smaller than the 
symbols.(B) Growth of wild type S. aureus, ΔpstSCAB, and ΔpstSCAB ΔpitA carrying 
empty vector (pEV) and ΔpstSCAB ΔpitA carrying ppstSCAB in PFM9, pH 6.4, with 50 
µM Pi as measured by OD600. n=3; error bars indicate SEM and are frequently smaller 
than the symbols. (C) Growth of wild type S. aureus, ΔpstSCAB, and ΔpstSCAB ΔnptA 
carrying empty vector (pEV) and ΔpstSCAB ΔnptA carrying pnptA in PFM9, pH 8.4, 
with 50 µM Pi as measured by OD600. n=3; error bars indicate SEM and are frequently 
smaller than the symbols. (D) Growth of wild type S. aureus, ΔnptA, and ΔpstSCAB 
ΔnptA carrying empty vector (pEV) and ΔpstSCAB ΔnptA carrying ppstSCAB in PFM9, 
pH 8.4, with 50 µM Pi as measured by OD600. n=3; error bars indicate SEM and are 




Figure 2.8. pitA and nptA are expressed by S. aureus independent of pH. Expression 
of pitA (A) and nptA (B) after 9 hrs of growth in PFM9 supplemented with 5 mM 
(excess) or 50 µM (limiting) Pi adjusted to pH 6.4, 7.4, or 8.4. Expression was assessed 
using wild type S. aureus carrying the reporter plasmids PpitA-yfp and PnptA-yfp. * = p < 
0.05 compared to 5 mM Pi at the same pH via two-way ANOVA with Dunnett’s posttest. 




Figure 2.9. S. aureus differentially compensates for loss of Pi transporters depending 
on the environmental conditions. Expression of pitA, nptA and pstSCAB, in wild type, 
ΔpstSCAB, ΔpitA, or ΔnptA following growth in PFM9 supplemented with 5 mM 
(excess) or 50 µM (limiting) Pi adjusted to pH 7.4 (A), 6.4 (B) or 8.4 (C). Expression was 
assessed using the reporter plasmids PpitA-yfp, PnptA-yfp, and PpstS-yfp. * = p < 0.05 





Figure 2.10. Loss of Pi transporters diminishes the ability of S. aureus to accumulate 
Pi. Wild type, ΔpstSCAB ΔpitA, ΔpstSCAB ΔnptA, and ΔnptA ΔpitA were grown in 
PFM9 in varying concentrations of Pi adjusted to pH 7.4 (A), 6.4 (B), or 8.4 (C) and 
intracellular Pi was measured. * = p < 0.05 compared to wild type via two-way ANOVA 







Figure 2.11. S. aureus Pi transporters compensate for one another in a systemic 
mouse model of infection. Wild type C57BL/6J mice were infected with S. aureus wild 
type, ΔpstSCAB, ΔpitA, and ΔnptA (Δpst = ΔpstSCAB). Weight loss was monitored (A) 
and bacterial burdens in the heart (B), kidney (C), and liver (D) were enumerated four 
days post-infection. Error bars indicate SEM. The lines indicate medians. The data are 
results from three independent experiments. n≥14 for each group.
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Figure 2.12. NptA but not PitA or Pst is sufficient to mediate virulence of S. aureus. 
Wild type C57BL/6J mice were infected with S. aureus wild type, ΔpstSCAB ΔpitA, 
ΔpstSCAB ΔnptA, and ΔnptA ΔpitA (Δpst = ΔpstSCAB). Weight loss was monitored (A) 
and bacterial burdens in the heart (B), kidney (C), and liver (D) were enumerated four 
days post-infection. (A) # = p < 0.05 ΔpstSCAB ΔnptA compared to wild type, * = p < 
0.05 ΔnptA ΔpitA compared to wild type via two-way ANOVA with Dunnett’s posttest. 
Error bars indicate SEM. (B-D) p values were determined by Mann-Whitney test; only 
significant p values are shown. The lines indicate medians. The data are results from 




Table 2.4. Inorganic phosphate transporters, phosphate regulatory, and universally 
conserved gene queries.  
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Name Sequence 
pst KO 5’F GACGACAAGTTTGTACAAAAAAGCAGGCTGAATAGGCTGGGACATTAAGTTCTTAGGC 
pst KO 5’R TCAACCAAACCTTCCTGAAAATTGCCATTTTTTCATTGAAATATCC 
pst KO 3’F ATGAAAAAATGGCAATTTTCAGGAAGGTTTGGTTGATATATAATGGC 
pst KO 3’R GGGGACCACTTTGTACAAGAAAGCTGGGTCAGGTGTAGACATTACTACAGAACAGCC 
nptA KO 5’F GGGGACAAGTTTGTACAAAAAAGCAGGCTGACCCACTTGCAGGCAAAACAGTTACAG 
nptA KO 5’R ATTTCTTCATCTGTAGGTACGACATTTCCATTATTTCACCTCAAATAAGC 
nptA KO 3’F GGGGACCACTTTGTACAAGAAAGCTGGGTCGGTGTTGCAGGTACATTAATTGTAGCG 
nptA KO 3’R GGTGAAATAATGGAAATGTCGTACCTACAGATGAAGAAATTGCAACAAC 
pst comp 5’F CAGTGGTACCGGGAGGATATTTCAATGAAAAAATGGC 
pst comp 5’R GGACTTATAGCATTAAACTCTCCAAGACCTG 
pst comp 3’F GGTTTCTTTGCATTAACCTTTGTTACACCAG 
pst comp 3’F CAGTGAGCTCGCCATTATATATCAACCAAACCTTCC 
pitA comp F GCGTGAGCTCGGGGAGTATATATTTATGTCATATATAATCATCG 
pitA comp R GCGTGGTACCCAATTAGAAAAATAAGTTAAGTATATAGAATAGTAAACC 
nptA comp F GACGGAGCTCTTGAGGTGAAATAATGGAAATGTCGGTTACA 
nptA comp R GATGGAATTCCAGTAAAAATTAAATTTCAGTTGTTGCAATTTC 
pst prom F GGGGCTGCAGTACATGTTAATACGTAGTATTAATGGCGAGAC 
pst prom R GGGGGGTACCTGAAATATCCTCCCTGTATGAACAACAA 
pitA prom F GGGGCTGCAGAATATACAGATGGCTTTCAGTAGAGTAGTGG 
pitA prom R GGGGGGTACCTTAAAATCCTCCATTTAAGCGATTGTCACC 
nptA prom F GGGGCTGCAGCGAAAACCATTAATAGATTTTTATTTGGTGATTTCAAAT 
nptA prom R GGGGGGTACCTATTTCACCTCAAATAAGCTTTATATTTAGATTATCGC 
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PhoPR contributes to Staphylococcus aureus growth during phosphate starvation 
and pathogenesis in an environment-specific manner 
 
3.1 ABSTRACT  
Microbial pathogens must obtain all essential nutrients, including phosphate, from 
the host. To optimize phosphate acquisition in diverse and dynamic environments such as 
mammalian tissues, many bacteria use the PhoPR two-component system. Despite the 
necessity of this system for virulence in several species, PhoPR has not been studied in 
the major human pathogen Staphylococcus aureus. To illuminate its role in 
staphylococcal physiology, we initially assessed whether PhoPR controls expression of 
the three inorganic phosphate (Pi) importers (PstSCAB, NptA, and PitA) in S. aureus. 
This analysis revealed that PhoPR is required for expression of pstSCAB and nptA and 
can modulate pitA expression. Consistent with a role in phosphate homeostasis, PhoPR-
mediated regulation of the transporters is influenced by phosphate availability. Further 
investigations revealed that PhoPR is necessary for growth in Pi-limiting conditions, and 
in some environments, its primary role is to induce expression of pstSCAB or nptA. 
Interestingly, in other environments, PhoPR is necessary for growth independent of Pi 
transporter expression, indicating that additional PhoPR-regulated factors promote S. 
aureus adaptation to low Pi conditions. Together, these data suggest that PhoPR 
differentially contributes to growth in an environment-specific manner. In a systemic 
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infection model, a mutant of S. aureus lacking PhoPR is highly attenuated. Further 
investigation revealed that PhoPR-regulated factors in addition to Pi transporters are 
critical to staphylococcal pathogenesis. Cumulatively, these findings point to an 
important role for PhoPR in orchestrating Pi acquisition as well as transporter-
independent mechanisms that contribute to S. aureus virulence. 
 
3.2 INTRODUCTION 
Staphylococcus aureus is a ubiquitous nosocomial organism with a diverse 
arsenal of virulence factors enabling it to establish infection in any mammalian tissue 
upon invasion (14, 18, 32, 53). Consequently, S. aureus is a leading cause of infective 
endocarditis, skin and soft-tissue infections, and medical device-associated infections, 
among other diseases (23, 60). Widespread antibiotic resistance among healthcare- and 
community-associated isolates complicates the treatment of staphylococcal disease (11, 
39), prompting the Centers for Disease Control and Prevention (CDC) to name S. aureus 
a serious threat to human health (9). In light of the concurrent decline in the development 
of new antimicrobial therapies, agencies like the CDC and the World Health 
Organization have called for novel strategies for treating S. aureus (9, 67). Increasing our 
understanding of the aspects of microbial physiology that impact virulence will enhance 
our ability to identify new opportunities to treat bacterial infections. 
Inorganic phosphate (Pi) acquisition is critical for microbial pathogenesis. 
Mutation of Pi acquisition systems decreases the virulence of S. aureus and a variety of 
organisms, including Escherichia coli and other Enterobacteriaceae, Vibrio cholerae, 
Mycobacterium tuberculosis, and Streptococcus pneumoniae (12, 17, 27, 31, 34, 40, 44, 
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61). S. aureus encodes three Pi transporters that are important for growth in distinct 
environments and differentially contribute to staphylococcal pathogenesis (Fig. 3.1) (31). 
Two of these Pi transporters, PstSCAB and PitA, are similar to those found in E. coli, the 
primary model for the study of bacterial Pi acquisition. In S. aureus, the low-affinity, 
proton motive force-driven PitA transporter is expressed in Pi-replete media and is further 
induced during Pi starvation. PstSCAB is an ABC-family importer expressed during Pi 
limitation and optimally contributes to uptake when this nutrient is scarce (31). Differing 
from E. coli, S. aureus possesses a third Pi transporter, NptA, that is expressed in excess 
Pi and is significantly induced when Pi is limiting (31). NptA is a member of the NaPi-2 
family of sodium-phosphate transporters, which have been sparsely characterized in 
bacteria (35, 68). Interestingly, environmental factors other than Pi availability drive the 
efficacy of the transporters, with PitA being optimal for Pi acquisition in acidic 
environments and NptA in alkaline ones (31). Unlike observations in E. coli and other 
Enterobacteriaceae, loss of PstSCAB does not attenuate staphylococcal virulence (31). 
These studies did reveal that NptA has an important role in the pathogenesis of S. aureus 
(31).  
The observation that the three S. aureus Pi transporters are differentially 
expressed as a function of Pi availability means that their expression must somehow be 
regulated. To regulate Pi acquisition and homeostasis, many bacteria contain a Pi-
responsive two-component system (TCS) called PhoPR (PhoBR in Escherichia coli and 
other Gram-negatives, PnpRS in Streptococcus pneumoniae, SenX3-RegX3 in M. 
tuberculosis) (49). The importance of maintaining proper Pi homeostasis is highlighted 
by the observation that deletion or disruption of PhoPR decreases the virulence of E. coli, 
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V. cholerae, M. tuberculosis, and others (6, 12, 43, 63, 64). In these organisms, PhoPR is 
activated upon Pi starvation and induces the transcription of genes involved in high-
affinity phosphate assimilation, collectively called the Pho regulon. The Pho regulon of a 
variety of organisms (Caulobacter crescentus, Bacillus subtilis, and Streptomyces 
coelicolor), including human pathogens (pathogenic E. coli, Salmonella enterica serovar 
Typhimurium, S. pneumoniae, and Bacteroides fragilis), has been elucidated (1, 2, 13, 
30, 36, 64, 68). Conserved, direct targets of PhoPR frequently include PstSCAB, an 
alkaline phosphatase, and transporters for organic sources of phosphate, such as glycerol-
3-phosphate (28, 49). In addition to governing Pi acquisition, loss of PhoPR disrupts a 
variety of cellular processes that critically contribute to the outcome of infection, 
including biofilm formation, quorum sensing, capsule production, and the response to 
environmental stressors such as acidic or alkaline pH (3, 10, 12, 34, 46, 57, 68). 
Virulence factors, including macromolecular secretion systems, are also frequently 
among the genes whose expression is directly or indirectly controlled by PhoPR (13, 20, 
37, 45). S. aureus encodes a homolog of the PhoPR system. Although the importance of 
the staphylococcal PhoPR system has not been elucidated, one study has already 
connected it to pathogenesis with the observation that a transposon insertion in phoP 
results in increased hemolysin activity (8). 
PhoPR-mediated Pi sensing is best characterized in the model organisms E. coli 
and B. subtilis (28, 47, 56, 65). PhoR is a membrane-bound sensor histidine kinase that 
phosphorylates the response regulator PhoP upon Pi limitation (28). In E. coli, PhoR, 
PstSCAB, and PhoU, a phosphate regulatory protein encoded at the pst locus, interact at 
the cytoplasmic membrane to form a Pi signaling complex (26). In E. coli and others, the 
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PhoR/PstSCAB/PhoU complex is necessary for repression of the TCS, and mutation of 
its components leads to constitutive Pho regulon expression (28, 45, 58, 68). Differing 
from E. coli, B. subtilis lacks a PhoU protein and does not require an intact Pst system for 
proper Pi signaling; rather, PhoPR senses Pi starvation through cell wall intermediates 
that accumulate from a blockage in synthesis of phosphate-rich lipoteichoic acid (7, 47). 
Such differences illustrate that there is considerable variety in how phosphate 
homeostasis is sensed among bacteria. 
Given the critical contribution of phosphate homeostasis to microbial physiology 
and recent links to antibiotic resistance (38, 50), we set out to elucidate the contribution 
of PhoPR to phosphate homeostasis and pathogenesis in S. aureus. Our investigations 
revealed that PhoPR is necessary for the expression of two S. aureus Pi transporters, 
PstSCAB and NptA, and influences expression of the third, PitA. Optimal growth of S. 
aureus in Pi-limiting media requires PhoPR. Further investigations revealed that, 
depending on the environment, this requirement involves expression of Pi transporters or 
Pi transport-independent mechanisms. PhoPR is necessary for wild type levels of 
virulence, and PhoPR-controlled factors in addition to Pi transporters critically contribute 
to pathogenesis. Altogether, these findings indicate that PhoPR differentially contributes 
to growth in distinct environments and support an important role for PhoPR during S. 







PhoPR is necessary for expression of Pi transporters PstSCAB and NptA in S. 
aureus 
Our previous analysis of the S. aureus genome suggested it contains a PhoPR 
TCS (31). To determine whether this putative PhoPR system regulates the Pi transporters 
of S. aureus, expression of pstSCAB, nptA, and pitA was measured via transcriptional 
reporter fusions in a ΔphoPR mutant and compared to wild type. Bacteria were grown in 
the phosphate-deplete, defined medium PFM9 (31) at neutral pH (pH 7.4) supplemented 
with excess (5 mM) or limiting (50 µM) Pi. Consistent with our previous finding, the pst 
system is not expressed when Pi is in excess (Fig. 3.2A) (31). Expression of pstS was also 
not detected in this condition in the ΔphoPR mutant (Fig. 3.2A). In Pi-limiting medium, 
while pstS was highly induced in the wild type, there was no induction in the ΔphoPR 
mutant, indicating pst expression is dependent on PhoPR (Fig. 3.2A). In wild type, nptA 
was expressed in excess Pi and its expression increased ~4-fold upon Pi starvation; 
however, all nptA expression was abrogated in the ΔphoPR mutant, indicating that nptA 
expression is also dependent on PhoPR (Fig. 3.2A). Expression of pitA was unchanged in 
the ΔphoPR mutant compared to wild type in Pi-replete or -deplete medium, suggesting 
PhoPR does not affect its expression in these conditions (Fig. 3.2A). Cumulatively, these 
data indicate that expression of pstSCAB and nptA, but not pitA, is PhoPR-dependent. 
Previously, we found that pH is an environmental factor that impacts the 
expression of the three S. aureus Pi transporters (31). In addition to the acidity that 
pathogens canonically face in the phagolysosome (19, 55, 66), some tissues, such as the 
blood and the skin, become alkaline upon bacterial infection, which may increase the 
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likelihood of staphylococcal infection (21, 42). These findings led us to interrogate 
whether pH influences PhoPR-mediated regulation of Pi transporter expression. 
Expression of pstS, nptA, and pitA was measured in wild type and ΔphoPR grown in 
acidic (pH 6.4) and alkaline (pH 8.4) PFM9. Given the observation that expression of pst 
and nptA are PhoPR-dependent (Fig. 3.2A) combined with our previous finding that a 
ΔpstSCAB ΔnptA strain is unable to grow in alkaline, Pi-limiting medium (31), we 
measured expression of the strains at alkaline pH in a higher but still limiting Pi 
concentration (158 µM Pi) to allow for some growth of a strain lacking both pstSCAB and 
nptA. In both acidic and alkaline media, regardless of Pi concentration, expression of pstS 
and nptA was absent in the ΔphoPR mutant, consistent with the idea that their expression 
is entirely dependent on PhoPR (Fig. 3.2B and C). In Pi-sufficient conditions, expression 
of pitA was unchanged in the ΔphoPR mutant in either acidic or alkaline pH (Fig. 3.2B 
and C). However, in acidic, Pi-deplete medium, pitA expression decreased slightly 
(~30%) but statistically significantly in the ΔphoPR mutant (Fig. 3.2B). Additionally, 
pitA expression decreased by half in the ΔphoPR strain in Pi-limiting, alkaline medium 
(Fig. 3.2C). Expression of pitA was also decreased in the ΔphoPR mutant at other 
limiting Pi concentrations in acidic and basic media (data not shown). These observations 
suggest PhoPR is necessary for proper pitA expression during Pi starvation in acidic or 
alkaline conditions. Altogether, these data bolster the conclusion that PstSCAB and NptA 
depend on PhoPR for expression, and suggest that this TCS influences the expression of 




PhoU is not a dominant negative regulator of PhoPR activity in S. aureus 
 In E. coli and several other species, the PhoU protein has been described as a 
negative regulator of PhoPR (PhoBR), as disruption of phoU results in PhoPR activation 
and expression of the Pho regulon (28, 41, 68). Aberrant PhoPR activation in phoU 
mutants of E. coli and these other species is associated with severe growth defects in Pi-
replete conditions (54, 68). We previously determined that, differing from E. coli, S. 
aureus encodes multiple phoU homologs (Fig. 3.1) (31). To determine if PhoU encoded 
at the pst locus dominantly controls the activity of PhoPR in S. aureus, we assessed 
expression of the three staphylococcal Pi transporters in a ΔphoU mutant in neutral Pi-
deplete and -replete media. In Pi-deplete medium, transporter expression in the ΔphoU 
mutant was similar in magnitude to that in wild type (Fig. 3.3A). Remarkably, expression 
of the transporters was unchanged compared to wild type in Pi-replete medium (Fig. 
3.3A). Consistent with this observation, the ΔphoU mutant did not have a growth defect 
in Pi-replete medium (Fig. 3.3B). Cumulatively, these findings suggest that PhoU is not a 
dominant regulator of the Pho regulon in S. aureus.  
 
PhoPR is important for growth in Pi-limiting conditions independent of Pi 
transporter regulation 
To assess whether the PhoPR system in S. aureus is important for growth during 
phosphate limitation, growth of wild type and the ΔphoPR mutant was compared in Pi-
replete (5 mM) and Pi-limiting (50 µM) conditions at neutral pH. The ΔphoPR mutant 
grew similarly to wild type when Pi was in excess (5 mM Pi) (Fig. 3.4A). However, in Pi-
limiting (50 µM Pi) conditions, the mutant grew to a significantly lower terminal optical 
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density than wild type (Fig. 3.4B). This growth defect could be complemented by ectopic 
expression of phoPR (Fig. 3.4C). These data support a role for PhoPR of S. aureus in 
resisting phosphate starvation. 
To determine whether the growth defect of the ΔphoPR mutant in Pi-limiting 
medium was due to loss of expression of pstSCAB and nptA, we compared the growth of 
ΔphoPR to ΔpstSCAB ΔnptA and ΔpstSCAB ΔnptA ΔphoPR mutants in high (5 mM) and 
low (50 µM) Pi. When Pi was in excess, all of the mutants grew as well as wild type (Fig. 
3.4A). In low Pi, in contrast to the growth defect of ΔphoPR, the ΔpstSCAB ΔnptA strain 
grew similarly to wild type (Fig. 3.4B). The ΔpstSCAB ΔnptA ΔphoPR mutant had a 
similar growth defect to the ΔphoPR strain in Pi-limiting medium (Fig. 3.4B). These 
findings indicate that PstSCAB and NptA are dispensable for resisting Pi starvation under 
these conditions. Given our observation that PhoPR can modulate pitA expression in 
certain environments, it is possible that the growth defect of ΔphoPR may be due to 
decreased expression of PitA in the absence of PhoPR. To evaluate this possibility, 
expression of pitA was assessed in the ΔpstSCAB ΔnptA and ΔpstSCAB ΔnptA ΔphoPR 
mutants. Relative to wild type, in ΔpstSCAB ΔnptA there was a modest but statistically 
significant increase in pitA expression that was ablated in the triple mutant (Fig. 3.4D). 
As an initial step to determine if this reduced expression could explain the reduced 
growth of a strain lacking PhoPR, pitA was ectopically expressed from an inducible 
plasmid in the ΔphoPR mutant. For these experiments, a concentration of inducer was 
used that enables this construct to rescue the growth of a ∆pitA ∆pstSCAB mutant in 
acidic, Pi-limited medium (31). This overexpression did not rescue the growth of the 
ΔphoPR mutant (Fig. 3.4E). Additionally, we measured intracellular Pi in wild type and 
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the ΔphoPR mutant in neutral medium supplemented with 5 mM (excess) Pi and 158 µM 
Pi, a concentration that is high enough to allow for sufficient biomass to be harvested for 
the assay but at which the ΔphoPR mutant still has a growth defect compared to wild 
type. In both Pi-replete and -limiting conditions, ΔphoPR had comparable levels of Pi to 
that of wild type (Fig. 3.4F).  These latter observations suggest that despite the modest 
change in pitA expression, the ΔphoPR mutant does not have a defect in Pi acquisition 
compared to wild type in these conditions. Altogether, these data indicate that targets of 
PhoPR other than Pi transporters play a critical role in growth during phosphate 
starvation. 
 
PhoPR differentially contributes to growth in distinct environments 
 Given our observation that pH impacts PhoPR-mediated regulation of Pi 
transporter expression (Fig. 3.2), we sought to determine whether PhoPR is important for 
growth of S. aureus under acidic or alkaline conditions. The growth of ΔphoPR was 
compared to wild type in acidic (pH 6.4) or alkaline (pH 8.4) medium supplemented with 
excess or limiting amounts of Pi. When grown in excess Pi (5 mM), the ΔphoPR mutant 
grew similarly to wild type in acidic medium and had a mild growth defect in alkaline 
medium (Fig. 3.5A), indicating that PhoPR is not necessary for growth in acidic or basic 
medium in the absence of Pi limitation. When grown in Pi-limiting (50 µM Pi) acidic 
medium, the ΔphoPR mutant failed to reach the same terminal optical density as wild 
type, suggesting that PhoPR is important for growth during Pi starvation in acidic 
conditions (Fig. 3.5B). Strikingly, in Pi-deplete alkaline medium, growth of ΔphoPR was 
effectively abolished, indicating that PhoPR is essential for growth in these conditions 
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(Fig. 3.5B). Growth of the ΔphoPR strain could be complemented by ectopic expression 
of phoPR in both acidic and basic medium (Fig. 3.5A and B). Together, these findings 
indicate that PhoPR contributes to resisting Pi starvation regardless of the pH and is 
indeed required for growth in Pi-limiting, alkaline conditions. 
Given that transporter-independent factors were important for the growth of 
ΔphoPR in neutral Pi-limiting conditions, we next assessed their importance in acidic and 
alkaline media by comparing the growth of ΔphoPR to ΔpstSCAB ΔnptA and ΔpstSCAB 
ΔnptA ΔphoPR in those conditions. In Pi-replete medium, the mutants grew similarly to 
wild type regardless of pH (Fig. 3.6A). In Pi-limiting, acidic medium, while the ΔphoPR 
mutant had a growth defect, the ΔpstSCAB ΔnptA strain grew similarly to wild type (Fig. 
3.6B). The ΔpstSCAB ΔnptA ΔphoPR mutant grew similarly to the ΔphoPR mutant (Fig. 
3.6B). Together, these data indicate that in acidic medium, as in neutral medium, there 
are PhoPR-controlled factors aside from the three identified staphylococcal Pi 
transporters that are important for growth when Pi availability is limited. In Pi-limiting 
medium at alkaline pH, growth of ΔpstSCAB ΔnptA, like that of ΔphoPR, was entirely 
abolished (Fig. 3.6C). Because ΔpstSCAB ΔnptA grew similarly to ΔphoPR in this 
growth condition, we hypothesized that in this environment, the strain lacking PhoPR is 
unable to grow because pstSCAB and nptA expression cannot be induced. To test this, 
pstSCAB and nptA were individually expressed from an inducible promoter in the 
ΔphoPR strain. Ectopic expression of pstSCAB or nptA restored growth of the ΔphoPR 
mutant, suggesting that the growth defect of ΔphoPR in Pi-limiting, alkaline conditions is 
due to simultaneous loss of PstSCAB and NptA expression (Fig. 3.6D). Since we 
previously observed that pitA expression is significantly decreased in a ΔphoPR 
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background in these conditions (Fig. 3.2C), we also ectopically expressed pitA in the 
ΔphoPR mutant. Consistent with our previous finding that PitA is unable to support 
growth of S. aureus in Pi-limiting, basic medium (31) due to the inability of the Pit 
system to import Pi in such conditions (62), induction of pitA failed to restore growth of 
the ΔphoPR mutant (Fig. 3.6D). This observation indicates that during phosphate 
starvation in alkaline conditions, PhoPR is critical for the expression of Pi transporters 
that can function in basic pH. Cumulatively, these data suggest that for Pi-limited growth, 
distinct subsets of PhoPR-regulated genes are important in different environments. 
 
PhoPR is important for virulence of S. aureus independent of Pi transporter 
regulation 
In several bacterial pathogens, PhoPR has a critical role in virulence (6, 12, 43, 
63, 64). Additionally, phosphate metabolism has been linked to antibiotic resistance (50); 
specifically, a point mutation in pitA increases stationary-phase tolerance of S. aureus to 
the clinically important antibiotic daptomycin (DAP) (38). To determine if disruption of 
PhoPR has a similar effect, we compared the sensitivity of wild type and ΔphoPR to 
DAP. Deletion of phoPR did not change the MIC of DAP toward S. aureus (data not 
shown). Importantly, the ΔphoPR mutant did not display increased stationary-phase 
tolerance towards DAP compared to wild type (Fig. 3.7), suggesting that a general 
disruption in phosphate homeostasis does not increase tolerance to antibiotic treatment.  
To assess the importance of PhoPR to S. aureus pathogenesis, a systemic 
staphylococcal abscess model of infection was used. For these assays, C57BL/6 mice 
were infected with S. aureus wild type and ΔphoPR. Infection with ΔphoPR resulted in 
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3- to 4-log fewer CFUs recovered from the heart and liver compared to infection with 
wild type, illuminating a decisive role for PhoPR in staphylococcal pathogenesis (Fig. 
3.8A and B). Our observation that PhoPR regulates transporter-independent factors 
important for Pi-limited growth in vitro led us to question whether PhoPR controls 
transporter-independent factors that contribute to staphylococcal pathogenesis. We 
reasoned that if there are PhoPR-regulated factors aside from PstSCAB and NptA that are 
critical for infection, a triple mutant lacking phoPR, pstSCAB, and nptA would behave 
similarly to the ∆phoPR mutant and be less virulent than a ∆pstSCAB ∆nptA double 
mutant. Differing from the ∆phoPR mutant, in the heart the ΔpstSCAB ΔnptA mutant did 
not have a virulence defect when compared to wild type (Fig. 3.8A). However, similar to 
the ΔphoPR mutant, the ΔpstSCAB ΔnptA ΔphoPR mutant was highly attenuated (Fig. 
3.8A). This result suggests that PhoPR-controlled factors aside from Pi transporters 
predominantly contribute to virulence in this tissue. Conversely, in the liver, infection 
with any of the mutants resulted in decreased bacterial burdens compared to wild type 
(Fig. 3.8B), indicating that in this organ, induction of Pi transporters by PhoPR does 
contribute to infection. Surprisingly, for reasons that remain unclear, the ΔpstSCAB 
ΔnptA ΔphoPR mutant was less attenuated than the ΔpstSCAB ΔnptA mutant.  
Altogether, these data indicate that PhoPR-mediated regulation of Pi transporters and 
transporter-independent factors contribute to the pathogenesis of S. aureus, and that the 






PhoPR, the TCS that regulates bacterial phosphate homeostasis, contributes to 
pathogenesis in a variety of organisms; however, the importance of PhoPR in S. aureus 
has not been studied. In this work, we observe that PhoPR is important for growth during 
Pi starvation and for staphylococcal virulence. Interestingly, we found that the 
contribution of PhoPR to growth and virulence is dependent on the environment (Fig. 
3.1). PhoPR is necessary for the expression of NptA, a sparsely characterized bacterial Pi 
transporter that is particularly important for S. aureus pathogenesis (31). PhoPR also 
regulates the expression of the two other staphylococcal Pi transporters, as well as 
additional factors that promote resistance to Pi starvation.  Remarkably, we also found 
that these additional PhoPR-regulated factors aside from Pi acquisition systems critically 
contribute to the virulence of S. aureus. 
Our data indicate that PhoPR-regulated Pi acquisition and homeostasis in S. 
aureus differs from established models in several key ways. First, transcriptome-wide 
analyses of E. coli and B. subtilis indicate that their PitA homologs are not PhoPR-
controlled (2, 5). Indeed, decreased Pi availability is itself not sufficient to alter 
expression of PitA in E. coli (29, 48). Our data indicate that in S. aureus, PhoPR 
influences expression of PitA as a function of Pi level and pH and is also necessary for 
expression of NptA. The observation that nptA expression was abolished in a ΔphoPR 
mutant even in Pi-replete medium, wherein PhoPR would presumably be inactive, 
suggests that PhoPR may indirectly regulate its expression. Second, in E. coli, Pi is 
sensed through the PhoR/PstSCAB/PhoU complex, while in B. subtilis, it is sensed via 
depletion of phosphate-containing cell wall intermediates (7, 26). We cannot currently 
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rule out the possibility that S. aureus senses levels of cell wall intermediates to measure 
Pi availability. However, our previous analysis indicates that the staphylococcal genome 
encodes a PhoU homolog at the pitA locus and a PhoU-like domain in NptA in addition 
to the pst-associated phoU gene (Fig. 3.1) (31), suggesting that S. aureus employs a 
PhoU-mediated Pi-sensing mechanism. Our findings indicate that unlike in E. coli and 
others, PhoU does not act as a dominant negative regulator of PhoPR, as disruption of 
phoU does not result in constitutive Pi transporter expression. Further distinguishing S. 
aureus phosphate regulation from that of E. coli, our prior observation that activity of a 
pstS-yfp transcriptional reporter is not increased in a ΔpstSCAB mutant (31), when 
combined with our current finding that pstS expression is PhoPR-dependent, suggests that 
disruption of PstSCAB also does not result in constitutive PhoPR activation. 
Cumulatively, these findings indicate that Pi sensing in S. aureus is fundamentally 
different from that in well-studied models.  
S. aureus is not alone in breaking the paradigm of bacterial Pi regulation 
established by E. coli. M. tuberculosis encodes two PstSCAB transporters and two PhoU 
proteins and uses these proteins in an unusual scheme to sense Pi. While only one copy of 
PstSCAB contributes to Pi regulation, both PhoU proteins are involved in Pi signaling 
through the mycobacterial PhoPR homologs (20, 41, 58, 59). S. pneumoniae also contains 
two pst loci each with its own associated phoU; whereas each PhoU protein regulates 
activity of its cognate Pst transporter, only PhoU2 participates in Pi signaling by 
interacting with the pneumococcal PhoPR homologs (68). While the multiple PhoU 
homologs of M. tuberculosis and S. pneumoniae are encoded by loci that also contain a 
PstSCAB system, the three PhoU homologs in S. aureus (31) are each located at a 
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different Pi transporter locus (Fig. 3.1). This difference offers the intriguing possibility 
that a novel permutation of PhoPR, PhoU proteins/domains, and the three Pi transporters 
may contribute to Pi sensing in S. aureus.  
Fundamental differences in phosphate regulation among Gram-negative, Gram-
positive, and mycobacterial models could reflect unique challenges in nutrient acquisition 
dictated by their physiology. Additionally, they could reflect phosphate availability in the 
natural environments of these organisms. In the context of infection, a variety of models 
have found an essential role for PstSCAB in virulence of E. coli and other members of 
the Enterobacteriaceae (34). Detailed analysis of the contribution of the Pst system to 
pathogenesis in several of these organisms suggests that constitutive activation of PhoPR 
resulting from mutation of pstSCAB, but not Pi transport via the Pst system per se, results 
in decreased virulence (6, 34, 45). This observation indicates that inappropriate Pho 
activation is detrimental to bacterial pathogenesis. Other studies demonstrate that 
disruption of PhoPR can also be detrimental to bacterial virulence (6, 12, 43, 63, 64), 
including our observation that PhoPR is necessary for wild type levels of staphylococcal 
pathogenesis. Notably, in this work, we observe that ΔphoPR and ΔpstSCAB ΔnptA 
mutants are similarly attenuated in the liver. This suggests that in some environments in 
the host, the PitA transporter is insufficient for Pi acquisition, and thus PhoPR is required 
to induce expression of PstSCAB or NptA. However, our observation that the ΔpstSCAB 
ΔnptA mutant does not have a virulence defect in the heart while the ΔphoPR mutant 
does indicates that in other environments, PhoPR is required during infection for 
induction of transporter-independent mechanisms. Whether these additional factors relate 
to phosphate acquisition or include other factors necessary for virulence independent of 
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phosphate homeostasis remains to be investigated. Notably, the current results suggest 
that while over accumulation of phosphate may reduce staphylococcal sensitivity to the 
clinically relevant antibiotic daptomycin (38), a general disruption of phosphate 
homeostasis does not. In total, these observations demonstrate that S. aureus has evolved 
multiple mechanisms necessary for survival in the host that are dependent on PhoPR, 
making PhoPR an attractive target for therapeutic intervention. 
During phosphate limitation, several bacteria induce a Pi-sparing response to 
redirect Pi usage in the cell (7, 49). Many organisms utilize polyphosphate, covalently 
linked orthophosphate, as a storage form of Pi that can be degraded during phosphate 
starvation (33). In some organisms, PhoPR transcriptionally controls the enzymes 
responsible for polyphosphate synthesis and degradation (51, 64). In B. subtilis, growth in 
low Pi and subsequent activation of PhoPR leads to an overhaul in cell wall composition 
from phosphate-rich teichoic acid, a standard building block of the Gram-positive cell 
wall, to phosphate-deplete teichuronic acid as a way to redirect Pi to other critical cellular 
processes (7). Our observation that a ΔphoPR mutant of S. aureus has a Pi transporter-
independent growth defect in Pi-deplete medium suggests that S. aureus enacts a Pi-
sparing response when this nutrient is limiting. While S. aureus accumulates 
polyphosphate in stationary phase after growth in a Pi-rich medium (38), its propensity to 
accumulate polyphosphate during exponential growth and as a function of Pi availability 
has not been directly evaluated. However, because our assays in which the growth 
phenotype of ΔphoPR was observed began with cells that were starved for Pi (Fig. 3.4B), 
it seems unlikely that the wild type strain would have accumulated sufficient 
polyphosphate to account for the growth differences between these two strains. 
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Nevertheless, the possibility remains that polyphosphate metabolism in S. aureus is 
PhoPR-regulated and important for growth during Pi starvation. S. aureus is incapable of 
synthesizing teichuronic acid (24) and thus cannot undergo the same change in cell wall 
composition as B. subtilis. Hence, there are likely as yet unidentified mechanisms used by 
S. aureus to redistribute Pi during Pi limitation.  
In addition to resisting Pi starvation, PhoPR has been connected to resistance to 
various stressors, including nutrient starvation (49) and pH stress (34). Our analysis of 
the importance of PhoPR in culture indicates that in some environments, e.g. an alkaline, 
Pi-limiting environment, PhoPR is primarily required for induction of the Pst and NptA 
transporters. In others, it is essential for other unidentified factors independent of Pi 
transporters. Evidence in other organisms suggests that targets of PhoPR can be 
differentially expressed depending on the nature of the growth condition. For example, in 
B. subtilis, the pst operon is specifically induced in alkaline conditions in a PhoR-
dependent manner; however, other members of the Pho regulon are not expressed, and 
addition of extra Pi can block pst induction (3). These findings suggest that the high-
affinity Pst system is induced due to the inability of a low-affinity transporter(s) to import 
Pi in alkaline conditions. This is consistent with our findings that, because PitA is 
insufficient to support staphylococcal growth in Pi-limiting alkaline medium, either NptA 
or PstSCAB is required for Pi acquisition in this environment (31). Taken together with 
the idea that PhoPR-mediated Pi signaling can substantially differ between bacterial 
species, the notion that PhoPR may facilitate distinct, species-specific processes during 
pathogenesis provides a strong impetus for continued investigations into the role of 
PhoPR in staphylococcal infection. 
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As a post-antibiotic era looms, versatile pathogens like S. aureus stand poised to 
re-emerge as a significant cause of death. Rife with possibility for targeted disruption are 
regulatory networks like PhoPR that control multiple processes important for bacterial 
pathogenesis. The importance of investigating bacterial phosphate metabolism is further 
emphasized by observations that connect it to antibiotic resistance in S. aureus and other 
pathogens (38, 50). Further investigation into phosphate homeostasis has the potential to 
shed light on new ways to battle microbial invaders. 
 
3.5 MATERIALS AND METHODS 
Ethics statement 
 All experiments involving animals were approved by the Institutional Animal 
Care and Use Committee of the University of Illinois at Urbana-Champaign (IACUC 
license number 15059) and performed according to NIH guidelines, the Animal Welfare 
Act, and U.S. federal law. 
 
Bacterial strains and cloning 
S. aureus strain Newman and its derivatives were used for all experiments. S. 
aureus was routinely grown in tryptic soy broth (TSB) and on tryptic soy agar plates 
(TSA), while E. coli was routinely cultivated in Luria Broth (LB) and on Luria agar 
plates. Both species were grown at 37°C; all strains were stored in media containing 30% 
glycerol at -80°C. As needed to maintain plasmids, 100 µg/ml ampicillin or 10 µg/ml 
chloramphenicol was added to the growth medium. Anhydrotetracycline was added at a 
concentration of 200 ng/ml for gene induction where indicated. 
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The S. aureus ΔphoPR mutant was generated by amplifying the 5’ and 3’ flanking 
regions (~1 kb up- and downstream) of phoPR using the indicated primers (Table 3.1). 
Fragments were cloned into the pKOR1 knockout vector via site-specific recombination 
using the Gateway BP Clonase II Enzyme mix (Thermo Fisher Scientific). The deletions 
were constructed via allelic exchange in Newman and ΔpstSCAB ΔnptA (31) (Table 3.2), 
as previously described (4). All mutant strains were confirmed to be hemolytic when 
grown on TSA blood agar plates. The S. aureus US300 (JE2) phoU::erm allele was 
obtained from the Nebraska Transposon Mutant Library (22) and was transduced via 
Phi85 phage into the Newman background (Table 3.2). For complementation studies, 
phoPR was cloned into the pOS1 vector (52) (Table 3.3) under the control of the S. 
aureus lgt promoter using the indicated primers (Table 3.1). pstSCAB and nptA were 
cloned under an anhydrotetracycline-inducible promoter into the pRMC2 vector (15) 
(Table 3.3) using the indicated primers (Table 3.1). The pPTet-pitA plasmid and the 
pstSCAB, nptA, pitA and empty vector reporter plasmids were generated previously (31). 
All PCR-generated constructs were verified by sequencing. 
 
Growth medium, phosphate growth assays and expression analysis 
Phosphate-free M9-based medium (PFM9) was used for growth assays and was 
described previously (31). Briefly, phosphate-free M9 salts were supplemented with 70 
mM MOPS (for pH 6.4), HEPES (for pH 7.4), or Tris (for pH 8.4); trace amino acids; 
trace vitamins; 0.5% glucose; 6.2 mM β-mercaptoethanol; 2 mM MgSO4; 1 mM CaCl2; 
and 1 µM FeSO4, ZnSO4, and MnCl2 to constitute PFM9 medium. Pi source stocks were 
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made by mixing NaH2PO4 and Na2HPO4 and adjusting to the desired pH, then added to 
the medium to achieve the indicated Pi concentration. 
For phosphate limitation growth assays, bacteria were inoculated into 5 ml TSB 
for 8 hours, then backdiluted 1:10 into 5 ml PFM9 + 70 mM HEPES + 158 µM Pi, pH 
7.4, for 12 hours. Overnight cultures were inoculated 1:100 into a 96-well round-bottom 
plate containing 100 µl/well PFM9. Plates were incubated at 37°C with shaking at 180 
rpm. Bacterial growth was monitored by measuring optical density (OD600). Expression 
(RFU, relative fluorescence units) was determined by measuring fluorescence 
(excitation/emission wavelengths: 505/535) and normalizing to OD600, then subtracting 
RFU of empty vector controls.  
 
Phosphate accumulation assays 
 Phosphate accumulation assays were performed as described previously (31). 
Briefly, bacteria were grown as for the phosphate growth assays at the indicated pH and 
Pi concentration and harvested at similar optical densities (OD600 ~0.2-0.25). Cells were 
washed once with and then lysed in TE buffer by mechanical disruption. Lysates were 
centrifuged to remove particulate matter, then treated with yeast exopolyphosphatase to 
digest any polyphosphates in the cell. Pi was measured with the BIOMOL Green kit 
(Enzo Life Sciences) according to the manufacturer’s instructions and normalized to total 





Daptomycin sensitivity assays 
 Daptomycin was purchased from Acros Organics (catalog #AC461371000). The 
MIC of daptomycin was determined using a standard broth microdilution assay 
essentially as described in (16). Briefly, cells were grown for 16 hours in TSB, then 
seeded at ~5 x 104 CFU/100 µl into a microtiter plate containing TSB + 1.25 mM CaCl2 
with serial two-fold dilutions of daptomycin. The MIC was measured in triplicate and 
was the same for S. aureus wild type and ΔphoPR. Daptomycin tolerance was assessed 
essentially as previously described (38). Briefly, cells were grown for 16 hours in TSB, 
then 2 ml of culture were aliquoted into 15 ml conicals with 1.25 mM CaCl2 and with or 
without daptomycin treatment of 25 times the MIC. Cells were incubated at 37°C with 




Mouse infections were performed essentially as previously described with minor 
modifications (31). Briefly, S. aureus wild type, ΔphoPR, ΔpstSCAB ΔnptA, and 
ΔpstSCAB ΔnptA ΔphoPR were grown in TSB for 3 hours on a roller drum, then washed 
and resuspended in phosphate-free, carbonate-buffered saline and diluted to an 
approximate density of 5x107 CFU/ml. Nine-week-old female C57BL/6J mice were 
injected retro-orbitally with 5x106 CFU in 100 µl buffer. The infection was allowed to 
proceed for 96 h before the mice were sacrificed. Livers and hearts were removed, the 
organs were homogenized, and bacterial burdens were determined by plating serial 
dilutions.  
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3.6 FIGURES AND TABLES 
 
Figure 3.1. Model of phosphate uptake and homeostasis in S. aureus. The 
staphylococcal two-component system PhoPR is required for expression of Pi 
transporters PstSCAB and NptA and can modulate expression of PitA in response to low 
Pi. Each of these transporters is associated with a PhoU protein/domain, which has been 
associated with controlling the activity of PhoPR homologs in other bacteria. The PhoU 
homolog associated with the pitA locus is pitR. In some environments (A), such as in 
alkaline, phosphate-limited growth medium or the liver, PhoPR is required to induce 
expression of Pi transporters PstSCAB or NptA. (B) In other environments such as in 
neutral or acidic phosphate-limited growth medium and the heart, PhoPR is necessary to 
induce expression of genes other than Pi transporters. Boxes indicate loci necessary for 




Figure 3.2. PhoPR is necessary for expression of Pi transporters PstSCAB and NptA 
in S. aureus. Pi transporter expression in wild type and ΔphoPR S. aureus after 9 hours 
of growth in PFM9 buffered to pH 7.4 (A), pH 6.4 (B), or pH 8.4 (C) supplemented with 
excess (5 mM Pi) or limiting Pi (A and B, 50 µM Pi; C, 158 µM Pi) and chloramphenicol 
for plasmid maintenance. Expression was assessed by measuring fluorescence using the 
reporter plasmids PpstS-yfp, PnptA-yfp, and PpitA-yfp. *, P < 0.05 compared to the value for 
the wild type via two-way ANOVA with Sidak’s multiple comparisons test. n=3; error 




Figure 3.3. PhoU is not a dominant regulator of PhoPR activity in S. aureus. (A) Pi 
transporter expression in wild type and ΔphoU S. aureus after 9 hours of growth in PFM9 
buffered to pH 7.4 supplemented with excess (5 mM) or limiting (158 µM) Pi and 
chloramphenicol for plasmid maintenance. Expression was assessed by measuring 
fluorescence using the reporter plasmids PpstS-yfp, PnptA-yfp, and PpitA-yfp. Statistical 
analysis via two-way ANOVA revealed no significant differences in expression between 
the strains. n=3; error bars indicate SEM. (B) Growth measured by OD600 of S. aureus 
wild type and ΔphoU in PFM9 buffered to pH 7.4 supplemented with excess (5 mM) or 





Figure 3.4. PhoPR is important for resisting Pi starvation independent of regulating 
Pi acquisition. (A and B) Growth measured by OD600 of S. aureus wild type, ΔphoPR, 
ΔpstSCAB ΔnptA, and ΔpstSCAB ΔnptA ΔphoPR in PFM9 buffered to pH 7.4 
supplemented with 5 mM (A) or 50 µM (B) Pi. (C) Growth yield after 12 hours measured 
by OD600 of S. aureus wild type and ΔphoPR carrying empty vector (pPlgt) or phoPR 
(pPlgt-phoPR) in PFM9 buffered to pH 7.4 supplemented with 5 mM or 50 µM Pi. n=3; 
error bars indicate SEM and are frequently smaller than the symbols. (D) Expression of 
pitA was assessed in wild type, ΔpstSCAB ΔnptA and ΔpstSCAB ΔnptA ΔphoPR and 
using PpitA-yfp following growth in PFM9 containing 5 mM or 50 µM Pi buffered to pH 
7.4. n=3; error bars indicate SEM. * = P <0.05 relative to wild type via two-way 
ANOVA with Tukey multiple comparisons test. (E) Growth after 12 hours of the 
indicated strains in PFM9 supplemented with 50 µM Pi buffered to pH 7.4. n=3; error 
bars indicate SEM. * = P <0.05 via unpaired t test. (F) Intracellular Pi levels in wild type 
and ΔphoPR grown in PFM9 adjusted to pH 7.4 supplemented with 5 mM or 50 µM Pi. 
n=3; error bars indicate SEM. Statistical analysis via two-way ANOVA revealed no 
significant differences in Pi accumulation between the strains. Chloramphenicol was 
added for plasmid maintenance and 200 ng/ml anhydrotetracycline was added for gene 
induction as necessary.  
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Figure 3.5. PhoPR contributes to growth in both acidic and alkaline Pi-limited 
environments. Growth after 12 hours measured by OD600 of S. aureus wild type and 
ΔphoPR carrying empty vector (pPlgt) or phoPR (pPlgt-phoPR) in PFM9 buffered to pH 
6.4 or pH 8.4 supplemented with 5 mM (A) or 50 µM (B) Pi. n=3; error bars indicate 




Figure 3.6. PhoPR differentially contributes to Pi-limited growth in distinct 
environments. (A) Growth after 12 hours measured by OD600 of S. aureus wild type, 
ΔpstSCAB ΔnptA, ΔphoPR, and ΔpstSCAB ΔnptA ΔphoPR in PFM9 buffered to pH 6.4 
or 8.4 supplemented with 5 mM Pi. n=3; error bars indicate SEM. (B and C) Growth 
measured by OD600 of the indicated strains in PFM9 adjusted to pH 6.4 (B) or pH 8.4 (C) 
supplemented with 50 µM Pi. n=3; error bars indicate SEM and are frequently smaller 
than the symbols. (D) Growth of the indicated strains in PFM9 buffered to pH 8.4 with 50 
µM supplemental Pi, chloramphenicol for plasmid maintenance, and 200 ng/ml 
anhydrotetracycline for gene induction. Growth was measured by OD600 and normalized 
to wild type at 12 hrs. *, P < 0.05 compared to WT pPTet-empty via one-way ANOVA 




Figure 3.7. Loss of PhoPR does not increase tolerance to daptomycin. Stationary 
phase cultures of S. aureus wild type and ΔphoPR were incubated with or without 25 
times the MIC of daptomycin (which was the same concentration for both strains). 
Survival was assessed by measuring CFU/ml at the indicated time points. n=3; error bars 
indicate SEM. The limit of detection was 103 CFU/ml. Statistical analysis via two-way 







Figure 3.8. PhoPR-regulated factors in addition to Pi transporters are necessary for 
S. aureus pathogenesis. Wild type C57BL/6J mice were infected with S. aureus wild 
type, ΔphoPR, ΔpstSCAB ΔnptA, and ΔpstSCAB ΔnptA ΔphoPR (Δpst = ΔpstSCAB). 
Bacterial burdens in the heart (A) and liver (B) were enumerated four days post-infection. 
p values were determined by Mann-Whitney test; only p values of 0.05 and below are 
indicated. The lines indicate medians. The data are results from two independent 




phoPR KO 5’F GGGGACAAGTTTGTACAAAAAAGCAGGCTGAAGGCTCATTTAAGCAGTGGGGTTACG 
phoPR KO 5’R TACCACTTTAATTTTTATTCCAACACTTTTTGCGACATGGTATGCCTCCC 
phoPR KO 3’F CCATGTCGCAAAAAGTGTTGGAATAAAAATTAAAGTGGTAACAGCGCGTG 
phoPR KO 3’R GGGGACCACTTTGTACAAGAAAGCTGGGTGAATAGTACAGTAACACTTACCGGCTGC 
phoPR comp F GCGCCTCGAGATGTCGCAAAAAGTGTTGGTAGTAGATGACG 
phoPR comp R GCGCGGATCCCTTCGTGAAAAATACACGCGCTGTTACC 
pstSCAB comp 5’F CAGTGAGCTCGGGAGGATATTTCAATGAAAAAATGGC 
pstSCAB comp 5’R GGACTTATAGCATTAAACTCTCCAAGACCTG 
pstSCAB comp 3’F GGTTTCTTTGCATTAACCTTTGTTACACCAG 
pstSCAB comp 3’R CAGTGGTACCGCCATTATATATCAACCAAACCTTCC 
nptA comp F GATGGAATTCTTGAGGTGAAATAATGGAAATGTCGGTTACA 
nptA comp R GACGGAGCTCCAGTAAAAATTAAATTTCAGTTGTTGCAATTTC 






Genotype Description Source 
Newman Wild type S. aureus  
ΔpstSCAB ΔnptA Clean deletions of pstSCAB and nptA in Newman (31) 
ΔphoPR Clean deletion of phoPR in Newman This study 
ΔpstSCAB ΔnptA ΔphoPR Clean deletion of phoPR in ΔpstSCAB ΔnptA This study 
ΔphoU NTML phoU::erm allele phage-transduced into Newman This study 






Plasmid Name Description Source 
pKOR1 Allelic replacement vector (4) 
pKOR1::ΔphoPR phoPR deletion allelic replacement vector This study 
pAH5E YFP transcriptional reporter vector with no promoter driving yfp expression (25) 
pPpstS-yfp pAH5E with pst promoter driving yfp expression (31) 
pPnptA-yfp pAH5E with nptA promoter driving yfp expression (31) 
pPpitA-yfp pAH5E with pit promoter driving yfp expression (31) 
pOS1-Plgt Expression vector controlled by the staphylococcal lgt promoter  (52) 
pOS1-Plgt::phoPR phoPR in pOS1-Plgt This study 
pPTet-empty pRMC2 (anhydrotetracycline-inducible expression vector) (15) 
pPTet-pstSCAB pstSCAB in pRMC2 This study 
pPTet-nptA nptA in pRMC2 This study 
pPTet-pitA pitA in pRMC2 (31) 
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Conclusions and future directions 
 
4.1 CONCLUSIONS 
Despite the necessity of phosphate for all living organisms, the molecular 
underpinnings of phosphate acquisition and homeostasis had not been studied in the 
pervasive pathogen Staphylococcus aureus. The work herein establishes a foundation for 
understanding these processes and importantly reports that phosphate metabolism in S. 
aureus differs from well-studied models in several key ways (Fig. 4.1). Compared to 
Escherichia coli and Bacillus subtilis, S. aureus possesses an expanded repertoire of Pi 
transporters, each of which functions optimally in a different environment (see Fig. 4.1 
and Chapter 2). PstSCAB is only expressed in and is optimal for growth in Pi-limiting 
conditions. While PitA and NptA are both expressed regardless of Pi concentration, PitA 
functions better in acidic medium and NptA functions better in alkaline medium. 
Interestingly, the widespread but sparsely characterized Pi transporter NptA is the only 
transporter sufficient to mediate wild type levels of virulence. S. aureus uses a widely 
conserved Pi-responsive TCS PhoPR that controls expression of its Pi transporters, as 
well as Pi transporter-independent genes (see Fig. 4.1 and Chapter 3). In some 
environments, including alkaline Pi-limiting medium and in liver tissue, the PhoPR 
system is necessary for Pi transporter induction. PhoPR also regulates Pi transporter-
independent factors that are important for growth during Pi starvation and infection. 
Finally, my data indicate that S. aureus uses a Pi-sensing mechanism that is unique 
compared to other bacteria studied to date (see Fig. 4.1 and Chapter 3). While in E. coli 
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and others the Pst-associated PhoU homolog negatively regulates Pho regulon 
expression, PhoU is not the predominant negative regulator of PhoPR in S. aureus. 
Cumulatively, these findings advance our understanding of the physiology of S. aureus 
and the contribution of phosphate acquisition and homeostasis to staphylococcal disease. 
 
4.2 FUTURE DIRECTIONS 
 As with any enjoyable science project, this one ends with considerably more 
questions than answers. Several of the most outstanding and potentially informative 
questions are listed below. 
 Why does S. aureus maintain three Pi transporters whose functions overlap? 
While no transporter is essential during systemic infection, suggesting the transporters 
can compensate for one another in the host, it seems unlikely that these biochemically 
distinct systems do not provide an advantage in some niche or at some point during the 
infection cycle. The benefit of these systems may be masked in part by the nature of the 
infection model used, as direct injection bypasses several key steps of the S. aureus 
lifestyle (namely colonization, invasion, and competition with commensal organisms). 
Perhaps Pi availability is largely unchallenging in the host and its acquisition can be 
accommodated by any of the transporters, but having multiple types of transporters 
allows for optimal Pi acquisition in transiently encountered extreme environments. 
Further molecular characterization of these transporters in S. aureus (e.g. their affinities, 
rates of transport, and requirements for a counter-ion), will improve our understanding of 
the need for multiple transporters. 
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What advantage does NptA provide to S. aureus? While NptA appears to be 
enriched in pathogenic bacteria, many successful pathogens, including E. coli, 
Mycobacterium tuberculosis, and Neisseria gonorrhoeae, lack Pi importers homologous 
to NptA; instead they make do with one or more PstSCAB and/or PitA transporters. 
There is not a clear correlation between, say, systemic versus intestinal pathogens 
possessing and lacking NptA, respectively, that might explain this difference. It is 
intriguing that NptA is related to mammalian sodium-phosphate transporters; did 
pathogens co-opt this class of transporter because it is already optimized for Pi uptake in 
host tissues? Other questions about NptA include, why do some NptA homologs contain 
PhoU-like domains (as in S. aureus) but others do not (as in V. cholerae)? Why do some 
NptA homologs function as Pi importers (as in S. aureus) while some function as Pi 
exporters (as in E. coli)? Clearly, we have much left to learn about the role of the NptA 
transporter in bacteria, especially in the context of pathogenesis. 
 What genes does PhoPR control in S. aureus? The Pi transport-independent 
growth defect of the ΔphoPR mutant in a defined, Pi-limiting medium indicates that S. 
aureus must be elaborating a phosphate-sparing response. What is the nature of this 
response? Is S. aureus changing its membrane and/or cell wall structure? The infection 
data indicate that PhoPR is also regulating Pi transport-independent factors that are 
essential to virulence. Is the Pi-sparing response observed in vitro also elaborated during 
infection? Are PhoPR-regulated factors promoting phosphate availability in the host? The 
glycerol phosphodiesterase GlpQ in S. aureus is upregulated during growth in a 
phosphate-limiting medium (3). Does PhoPR regulate GlpQ expression in order to 
liberate phosphate from host-derived phospholipids? Does PhoPR control expression of 
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canonical staphylococcal virulence factors, like adhesins or toxins? Does PhoPR 
modulate activity of other virulence-associated regulatory systems? Given the intricate 
regulatory circuits controlling expression of virulence factors that include several other 
TCSs, and given that PhoP has already been connected to hemolysin expression (1), it is 
reasonable to hypothesize that PhoPR may feed into these networks.  
 How does S. aureus sense Pi availability? In almost all organisms that sense Pi 
using a PhoU protein, one or more Pst-associated PhoU proteins mediate Pi sensing. 
Intriguingly, the only known exception to that rule occurs in the closely related 
Staphylococcus epidermidis, in which a PhoU homolog encoded at the pitA locus (PitR) 
is the negative regulator of Pho regulon expression (5). Similarly, I have found that loss 
of the pst-encoded PhoU does not lead to constitutive PhoPR activation in S. aureus 
(Chapter 3). Additionally, my preliminary data show that loss of PitR in S. aureus results 
in heightened expression of the Pho regulon, indicating PitR plays a dominant role in 
regulating PhoPR activity (Fig. 4.2). Given the apparent negative regulatory role of PitR 
on PhoPR activity, and given the deleterious effects of constitutive Pho regulon 
expression in pathogenic bacteria, a particularly interesting outstanding question is 
whether PitR plays an important role in the virulence of S. aureus. In addition to these 
two PhoU proteins, there are two PhoU-like domains within NptA in S. aureus that may 
also play a role in sensing Pi and/or regulating PhoPR activity. Notably, S. epidermidis 
does not contain nptA, suggesting that Pi sensing in S. aureus may differ significantly 
even from this closely related species. While many bacteria in addition to S. aureus 
encode more than one PhoU homolog, how three Pi transporters and their cognate PhoU 
proteins/domains plus the impacts of these interactions on PhoPR activity has not been 
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explored. Therefore, answering these questions will be informative to more than just S. 





Figure 4.1. Model of Pi acquisition and homeostasis in S. aureus. S. aureus contains 
three Pi transporters that function optimally in different environments. In Pi-replete 
media, PitA supports growth best in acidic pH and NptA supports growth best in alkaline 
pH. PstSCAB is optimal for growth in Pi-deplete conditions. The staphylococcal two-
component system PhoPR is required for expression of PstSCAB and NptA and can 
modulate expression of PitA in response to low Pi. In some environments, such as in 
alkaline Pi-limited growth medium or the liver, PhoPR is required to induce expression of 
Pi transporters PstSCAB or NptA (green rectangles and blue teardrops). In other 
environments such as in neutral or acidic Pi-limited growth medium and the heart, PhoPR 
is necessary to induce expression of genes other than Pi transporters (light grey shapes). 
Each of the Pi transporters is associated with a PhoU protein/domain (dark grey shapes). 
While E. coli and others use a Pst-associated PhoU to control activity of PhoPR via the 
Pst system, S. aureus uses a PitA-associated PhoU homolog, PitR, presumably via PitA.  
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Figure 4.2. PitR, a PhoU homolog encoded at the pitA locus, negatively regulates 
PhoPR activation in S. aureus. The ΔpitR::erm allele was procured from the Nebraska 
Transposon Mutant Library (2) and subsequently transduced into the Newman 
background via Phi85 phage. PFM9 medium, expression analysis, and the reporter 
plasmids were described previously (4); see Chapter 2, section 5. Pi transporter 
expression in wild type and ΔpitR::erm S. aureus after 9 hours of growth in PFM9 
buffered to pH 7.4 supplemented with excess (5 mM) or limiting (158 µM) Pi and 
chloramphenicol for plasmid maintenance. Expression was assessed by measuring 
fluorescence using the reporter plasmids PpstS-yfp, PnptA-yfp, and PpitA-yfp. *, P < 0.05 
compared to the value for the wild type via two-way ANOVA with Sidak’s multiple 
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